REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information i1s estimated to average 1 hour per response, including the time for reviewing instructions, searching data sources,
gathenng and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate of any other aspect of this
collection of information, including suggestions for reducing this burden to Washington Headguarters Service, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2.REPORT TYPE
3/21/2011 Final Report

3. DATES COVERED (From - To)
5/1/2005 - 12/31/2010

4. TITLE AND SUBTITLE

Shallow Water Acoustic Experiments and Preliminary Planning for FY06
Fieldwork

5a. CONTRACT NUMBERS

N/A

5b. GRANT NUMBER
N00014-04-1-0146

5¢. PROGRAM ELEMENT NUMBER
N/A

8. AUTHOR(S)

James F. Lynch

5d. PROJECT NUMBER
130146SP

5e. TASK NUMBER
N/A

5f. WORK UNIT NUMBER
N/A

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Woods Hole Oceanographic Institution
98 Water Street, MS-11
Woods Hole, MA 02543

6. PERFORMING ORGANIZATION REPORT
NUMBER

N/A

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Office of Naval Research (ONR)
CODE 3210A

One Liberty Center, RM 1076
675 North Randolph Street
Arlington, VA 22203-1995

10. SPONSORING/MONITORING ACRONYM(S)

N/A

11. SPONSORING/MONITORING AGENCY
REPORT NUMBER

N/A

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited

0110324066

None

14. ABSTRACT

As a result of work on this proposal and the subsequent SW06 experiment, the following papers have been published to

date (see attached).

15. SUBJECT TERMS

Shallow Water Acoustics; Oceanography; Coastal Processes

18. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 16. NUMBER
a. REPORT | b. ABSTRACT | c. THIS PAGE GBSTRACT OF PAGES
u u u

19a. NAME OF RESPONSIBLE PERSON
Dr. James F. Lynch

19 b, TELEPHONE NUMBER (/nclude are code)
508-289-2230

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI-Std. 239-18




[1] DJ. Tang, J. Moum, J. Lynch, P. Abbot, R. Chapman, P. Dahl, G.

[2]

[3]

[4]

[5]

[6]

[7]

Gawarkiewicz, S. Glenn, J. Goff, H. Graber, J. Kemp, A. Maffei, J. Nash, A.
Newhall, “Shallow water 06 — a joint acoustic propagation/nonlinear internal
wave physics experiment”, Oceanography, 20 (4),156-167 (2007).

J.M. Collis, T.F. Duda, J.F. Lynch, and H.A. DeFerrari, “Observed limiting
cases of horizontal field coherence and array performance in a time-varying
internal wavefield,” JASA-EL , 124 (3), EL97-EL103 (2008).

B. Katsnelson, V. Grigorev, J.F. Lynch, and D. Tang, “Intensity fluctuations

of mid-frequency sound signals passing through moving nonlinear internal
waves,” JASA-EL, 124(3), EL78-84 (2008).

J.Luo, M. Badiey, E.A. Karjadi, B. Katsnelson, A. Tskhoidze, J.F. Lynch,
and J.N. Moum, “Observation of sound focusing and defocusing due to

propagating nonlinear internal waves,”, JASA-EL 124 (3), EL66-EL72
(2008).

G.R. Potty, J.H. Miller, P.S. Wilson, J. F. Lynch, and A. Newhall,
“Geoacoustic inversion using combustive sound source signals,” JASA-EL
124 (3), EL146-EL150 (2008).

H. DeFerrari, J. Lynch and A. Newhall, “Temporal coherence of mode
arrivals,” JASA-EL 124(3), EL 104-EL109 (2008)

J. Lynch and D.J.Tang, “Overview of Shallow Water 2006 JASA-EL Special
Issue Papers,” JASA-EL 124(3), EL 63-EL65 (2008).

[8] Y.T.Lin, T.F. Duda, and J.F. Lynch, “Acoustic mode radiation from the

termination of a truncated nonlinear internal gravity wave duct in a shallow
ocean area”, J. Acoust. Soc. Am. 124 (4), pp. 1752-1765 (2009).

[9] J. Lynch, Y.T Lin, T.F. Duda, and A.E. Newhall, “Acoustic ducting, reflection,

refraction, and dispersion by curved nonlinear internal waves in shallow
water”’, [EEE J. Oceanic Eng’g. 35(1), pp- 12-27 (2010)

[10] Song, A.J., M. Badiey, A.E. Newhall, J.F. Lynch, H.A. Deferrari, B.

Katsnelson, "Passive time reversal acoustic communications through
shallow water internal waves", in press /[EEE J. Ocean. Eng. (2010.)




[11] B. Katznelson, J. Lynch and A. Tsoidze, “Space-frequency distribution of
sound field intensity in the vicinity of the temperature front in shallow
water”, Acoustical Physics, 53(5), 611-617 (2007).

[12] Badiey, M., B.G. Katznelson, Y.T. Lin, and J.F. Lynch, “Horizontal Lloyd’s
mirror effect due to the interaction between acoustic waves and nonlinear
internal waves.” In press, JASA-EL. (2011.)



Acoustic mode radiation from the termination of a truncated
nonlinear internal gravity wave duct in a shallow ocean area

Ying-Tsong Lin, Timothy F. Duda, and James F. Lynch
Department of Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Woods
Hole, Massachusetts 02543

(Received 26 January 2009; revised 20 June 2009; accepted 8 July 2009)

Horizontal ducting of sound between short-wavelength nonlinear internal gravity waves in coastal
environments has been reported in many theoretical and experimental studies. Important
consequences arising at the open end of an internal wave duct (the termination) are examined in this
paper with three-dimensional normal mode theory and parabolic approximation modeling. For an
acoustic source located in such a duct and sufficiently far from the termination, some of the
propagating sound may exit the duct by penetrating the waves at high grazing angles, but a fair
amount of the sound energy is still trapped in the duct and propagates toward the termination.
Analysis here shows that the across-duct sound cnergy distribution at the termination is unique for
each acoustic vertical mode, and as a result the sound radiating from the termination of the duct
forms horizontal beams that are different for each mode. In addition to narrowband analysis, a
broadband simulation is made for water depths of order 80 m and propagation distances of 24 km.
Situations occur with one or more modes absent in the radiated field and with mode multipath in the

impulse response. These are both consistent with field observations.
© 2009 Acoustical Society of America. [DOI 10.1121/1.3203268]

PACS number(s): 43.30.Re, 43.20.Bi, 43.20.Mv, 43.30.Bp [JAC]

I. INTRODUCTION

Theoretical and experimental studies have revealed that
propagating sound can be trapped and ducted betwcen pairs
of nonlinear internal waves of dcpression commonly ob-
served in coastal areas. Here, we examine what happens
when such a duct gradually or abruptly relaxes to the back-
ground conditions and the sound exits the duct. The horizon-
tal ducting of sound between internal waves can be under-
stood in tcrms of the horizontal rays of acoustic vertical
modes bending and focusing in the duct, or by spiraling rays.
Katsnel’son and Pereselkov’ theoretically studicd the effect
using the theory of “horizontal rays and vertical modes.””
Another study by Oba and Finette* which included results
obtained with a computer code for three-dimensional (3D)
sound propagation, FOR3D,”* also predicted this ducting phe-
nomenon. In another of their paperq,5 these investigators nu-
merically investigated the consequences of this effect on
horizontal array beamforming and also performed a modal
decomposition of the sound field to explain its structure in
the duct. Observations by Badiey et al.® and Franks et al.’
from the SWARM’95 experiment off New Jersey confirmed
these predictions. Typical internal wave packets capable of
causing this effect have inter-wave distances of 300-1000 m
and modal refractive index anomalies of a few tenths of a
percent to 3%.8

Work to date has addressed these internal wave ducts as
“infinite length pipelines” for sound, i.e., the internal wave
crests are straight and endless. However, this is not the case
in the real world. Many satellitc and in-situ observations
have shown internal wave packets (ducts) to bc finite and
localized, having total along-crest lengths as short as a few
kilometers near an internal wave source region.9 Prior work
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docs not address what happcns to intermal-wave ducted
sound when the duct terminates in the horizontal and thc
sound is emitted. The goal of this papcr is to investigate this
radiation from the duct termination. Analytical and numeri-
cal approaches arc taken. In the analytical approach, an ide-
alized internal-wave shape (square waveform) and the as-
sumption of adiabatic mode propagation give a 3D normal
mode solution for the sound field in the duct. Then Huygens’
principle is adopted to calculate the radiation field. As for the
numerical approach, a computer code'? implementing a 3D
parabolic approximation in Cartesian coordinatcs is em-
ployed to calculate the acoustic ficld and broadband impulses
within and emitted from a duct. The use of this 3D parabolic
approximation model allows more complicated (or morc re-
alistic) internal-wave shapes. Also, since this numcrical
model allows modc coupling, it can be used to verify the
adiabatic mode assumption used in the analytical computa-
tion.

Both the analytical and numerical computations show
horizontal interfercnce patterns within the duct. Richly de-
tailed sound radiation fields are predicted at locations far
from the termination of a truncated internal wave duct, hav-
ing mode-dependent patterns with strong azimuthal and tem-
poral variability. Thus, effects of ducting are found at loca-
tions with no evidence of a ducting condition. Similar
radiation effects were found in the data collected in the
SWO06 shallow water acoustic expcriment.ll Though we will
not completcly prove it in this paper (as this involves other
analyses which are future work), the results shown here
make a plausible explanation for at least some of the data
variability measurcd in the field. As examples, the tempo-

© 2009 Acoustical Society of America
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FIG. 1. Simplified internal-wave duct model used for theoretical analysis.
(a) Internal waves of depression with square waveforms and parallel wave-
fronts are considered. The waves abruptly terminate to the background state.
(b) Comparisons of acoustic vertical modes before and after being perturbed
by the internal-square wave. (c) A depiction of sound radiation from the
termination. Total radiation field equals to the sum of all vertical mode
radiations.

rally varying modal contents of sound and mode multipath
were observed and compare well qualitatively with the pre-
dictions made here.

The contents of this paper are as follows: Sec. II con-
tains the derivation and evaluation of a 3D normal mode
solution for an idealized environment. Section IIl contains a
numerical parabolic equation solution for a more complex
environment. Section IV contains field observation of the
effects similar to those predicted by the theory. Section V has
a discussion and Sec. VI contains a summary. ¢

Il. NORMAL MODE SOLUTION

The horizontal ducting of acoustic energy between inter-
nal waves can lead to a rather complicated horizontal eigen-
value problem if realistic detailed shapes of the internal
waves that form the duct are considered. Also, the sound
radiation from a real, irregular duct termination is not simple
to handle by a theoretical means. So, rather than addressing a
complicated case, we will begin with a simple duct model
which will still retain most of the physics associated with the
ducting and radiation effects. The detailed model configura-
tion is provided below, along with the explanations for two
assumptions used in deriving the normal mode solution.

A. Simplified physical model and assumptions

The model used for the theoretical analysis has two ho-
mogeneous water column layers bounded below by a homo-
geneous bottom, as shown in Fig. 1(a). The sound speed in
the upper water column layer is slightly faster, and sound
absorption is neglected in both the water column layers, but
is included in the bottom. Two internal waves of depression
are introduced by deepening the interface between the two
aqueous layers from the ambient state to a perturbed state.
Simplified internal waves with square and equal waveforms
in the y direction, equal perturbation amplitudes, and parallel
wave crests along the x-axis are used, forming an acoustic
duct with slow normal velocity in the center, as will be
shown. The waves abruptly terminate at a selected location
in the x direction, forming an open end of the duct. Although
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the acoustic horizontal ducting modes in this square-wave
approximate model may differ from the ones seen in realistic
cases, the physical characteristics of these ducting modes can
still be captured in the approximate model. In addition, if it is
required, one can more carefully design an internal square-
wave model to fit a realistic waveform such that the resultant
horizontal ducting modes are comparable to the realistic
ones. The coordinate origin of the Cartesian coordinate sys-
tem is placed in the middle between the internal waves on
the sea surface. The z axis is positive upward. At x locations
less than termination position x=L solutions valid in a
ducted environment will be found. At x> L solutions in a
homogeneous layered environment will be computed using
Huygens’ principle, which is done by employing the Green’s
function method.

For the theoretical analysis, we make two following as-
sumptions about sound propagation. (1) Mode propagation is
adiabatic, with no energy exchange between modes. This as-
sumption would be invalid if the addressed problem was
sound propagation across the internal waves."*"* (2) Total
transmission at the open-ended termination is assumed so
that no sound energy is reflected back into the duct. This is
justified by the fact that the termination width normal to the
duct (300-1000 m across in a common situation) is very
large compared to the underwater acoustic wavelength of
frequencies greater than 50 Hz, which produces a large ka
value (acoustic wavenumber multiplying the gap aperture)
and thus should yield only tiny reflected sound by analogy
with the unflanged, open pipe problem.” A final caution
should be made here: for high grazing-angle penetration (at x
near that of the source) the assumption of adiabatic mode
propagation is violated, and the solution in terms of the re-
sultant mode sum is not strictly correct. The horizontal leaky
modes are included in the following derivation, but they only
describe the barrier penetration and tunneling effect that oc-
curs when the trapped sound strikes the internal waves at low
grazing angle and radiates out of the duct in the y direction.

B. Derivatlon of an analytical solution

The sound pressure field excited by a harmonic point
source located at (x,,y,,z,) in the physical model described
above is governed by the inhomogeneous 3D Helmholtz
equation with a Dirac delta source function

()V-(Lvm ))+ 5 ()
B oy O ),
=-47T&x_xs)&y_ys)6(z-zs)’ (l)

where ¢(x,y,z) is the medium sound speed (this is a complex
number with imaginary component enumerating absorption),
p(z) is the medium density (its horizontal variations are ne-
glected), and w=27f is the acoustic frequency (f enumerates
this in Hertz). To solve Eq. (1), begin with a vertical mode
decomposition of the sound field

P(x,9,2) = 2 T, )W, (x,3,2), (2)

where [,,(x,y) is the (complex) mode amplitude and
WV, (x,y,2) is the mth vertical normal mode at (x,y) that
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satisfies the following local mode equation with appropriatc <

boundary conditions on the sea surface and the bottom:

d{ 1 d w?
o erd) e

= 43,(x,y))‘l’m(x,y,z) =0, (3)

where {,, is the horizontal wavenumber of the mth vertical
mode. Deriving analytic expressions for such vertical modes
in the simplified, three-layer model considered here can be
done by matching the interface conditions, and the details are
omitted here. As shown in Fig. 1(b), the vertical mode func-
tions are perturbed by the internal waves that comprise the
duct. Also, the horizontal wavenumbers of vertical modes
may be affected by the internal waves.

After replacing the sound pressure function in the 3D
Helmholtz wave equation with the vertical mode decompo-
sition and employing the assumption of adiabatic mode
propagation, one can see that the vertical modal amplitude is
governed by a two-dimensional (2D) Helmholtz equation,
which is often called the horizontal refraction equation,ls
given by

ax?

( & + %)rm + E2(x, )T,

Wl Vs 2y)
plz,)

This equation was employed in Ref. 5 for studying the
focusing/defocusing structure in a straight and endless inter-
nal wave duct. Note how the horizontal wavenumber of the
mth vertical mode, {,, mimics the wavenumber k=w/c in
Eq. (1). In addition, the internal waves may alter the values
L, yielding interface/boundary conditions across the waves
in the y direction. In the model considered here the internal
waves of depression have perturbcd wavenumbcrs that are
lower than the unperturbed values so that an incident vertical
mode from the inside of the duct impinging horizontally onto
the internal waves may encounter a situation where total rc-
flection occurs and vertical modes are ductcd in the horizon-
tal plane, as shown in Fig. 1(c).

Solving the horizontal refraction equations for the verti-
cal modal amplitudes allows the sound pressure field to be
computed via mode summation. A two-step procedure is
implemented. The first step is to obtain the ducted sound
field between the simplified internal waves, and the second
step is to apply Huygens’ principle to obtain the radiation
field due to the sound pressure distributcd at the open-ended
termination.

=—4 Ax—x)8(y-y,). (4)

1. Ducted sound field

We begin by solving for the field at x= L, where ducted
horizontal modes will cxist. To solve Eq. (4) in this region,
we can utilize many of the methods used in solving boundary
value problems in shallow water acoustics, such as the well-
known Pekeris waveguide mode problem. But, instead of
looking at the constructive interferences of up- and down-
going plane waves to get vertical modes, we are now seeking
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horizbntal modes associated with each vertical mode V¥,
Due to barricr penetration and tunneling effects, which cause
sound transmission through the internal wave “walls” and
radiation outward in the y direction, Eq. (4) is not a proper
Sturm-Liouville problem, so we cannot use an exact eigen-
function expansion to generate a solution. Instead, a wave-
number integration technique is employed, and a generalized
eigenfunction expansion can be achieved for the vertical
modal amplitude I',, if the branch-line integral is neglected.
The detailed derivation is described below. Beforchand, note
that the generalized expansion is of thc form

Cp(x.9) = 2 Apn(0)D,,,, (), (5)

where @, are the horizontal modes associated with each
vertical mode ¥,,, and A,,, are their (complex) amplitudes. A
combination of indices (n,m) is required for the horizontal
ducted modes. The complete solution for the ducted sound
field will be of the form P(x,y.z)=Z,Z,A,,(X)D,,.(¥)
XW¥, (x,y,z). The horizontal mode functions only depcnd on
y since the environment in the duct area does not have
x-dependency. The amplitude A,,,, depends on x only and will
mainly vary due to modal phase delays and modal attenua-
tion, with no geometric spreading loss for the trapped modes.

The wavenumber integration technique of solving Eq.
(4) for the vertical modal amplitude I',, at x=L is now de-
scribed in detail. First, thc assumption of total transmission
at thc open-ended termination allows us to reformat the prob-
lem to be an infinitely long duct problem, and the solution of
the reformatted problem at thc positions where x<L (the
internal waves terminate at x=L) is valid for representing the
ducted sound field. Note that after we get the radiation field
solution in Sec. II B 2, we will justify the assumption of total
transmission. Since the horizontal wavenumber of the mth
vertical mode, ¢, does not have x-dependency in thc refor-
matted problem, we can apply the following plane-wave
spectral intcgral or spatial Fourier transform to decompose
the vertical modal amplitude in terms of a set of infinite
plane waves:

e

1 :
I (o) == Gk, y)e*=dk,, (6a)
\27T -
1 = A
Gulkoy)=——=| [, (x,ye*dx, (6b)
\127T —0

where G, (k,,y) is the plane-wave component of the mth
vertical modal amplitude with wavenumber k.. Applying the
inverse transform operator to both sidcs of Eq. (4) yields a
one-dimcnsional, y-dependent Helmholtz equation that is
comparable to the depth-dependent Green’s function equa-
tion in the wavenumber integration technique,lS

d 2 42

Zﬁcm(kny) it ((m = kx)Gm(kx'.")

i) \’2_7T\y:rl(xsvy:v ::)
p(zy)

e E Sy —y,), (7
which is subject to interface conditions on the internal-wave
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“walls” that can be expressed as plane-wave reflection’coef-
ficients.

To determine G, (k,,y) (and thence I',)) for x=L, we
first obtain a solution for the domain bounded by the internal
waves —-D/2=y=D/2, where y=*D/2 are the inner

'_\I,m(xsvysvzs)

boundanies of the internal waves, and then extend the
bounded domain solution to the external domain by match-
ing thc interface condition at y=* D/2. Utilizing the end-
point method,'® the plane-wave component G,,(k,,y) in the
bounded domain (|y|<D/2) can be found as

[e7%" + Ry, e*Pe IR e ®Pe s + eikY:]

for —-DR2=y=y,,

[e"k.vvf+RL,,,e'"yDe’kV”f][RR,,,e’kyDe"kyy+ e'kvy] ( )

V2 g Rk :
T p(z) K [1 = RiRme?™P)
Gm(kxvy) =
; /_\I,m(xvysvzs) ik
V2w e ts T
p(zs) ky[l _RLmRRme 2 ]

where ki:{,z,,—ki, and R;,, and Ry, are thc plane-wave re-
flection coefficients at y=—D/2 and D/2, respectively, as a
function of k, and the mth vertical modal phase speeds inside
and outside the internal waves. The plane-wave reflection
coefficients can be obtained using the usual formulas for
plane-wave reflections from horizontally stratified multi-
layered media. Note that there is no horizontal density con-
trast in the system we are considering. To complete the so-
lution for the vertical modal amplitude I',,, we insert Eq. (8)
into Eq. (6a) and employ a complex contour integration tech-
nique. This immediately gives us the equation for the eigen-
values: ¢

1= Ry Ry exp(QINE, - K2D) =0. (9)

Since the plane-wave reflection coefficients R;,, and Rg,, de-
pend on which vertical mode is being considered, solving
this eigenvalue equation leads to a set of horizontal mode
wavenumbers for each vertical mode considered. There are
two kinds of horizontal modes: trapped modes forming the
ducted sound field and leaky modes forming the sound pen-
etrating the internal waves and radiating laterally outward in
the y direction. By selecting the Pekeris branch cut and ne-
glecting the branch-line integral, the vertical modal ampli-
tude I',, in thc domain bounded by the internal waves
(-D/2=y=D/2) is found to be

W Y 2s)

D, (ys) .
plz) 7

Knm nm

Flx,y) = 2mi o5, (),

(10a)

where w,,, is the normalization factor for the unnormalized
horizontal mode function ®,,,,,

W = id(1 = R R g 25P)1 dkyll’jj!i,—ki]

nm

et
X [R Lme’ v ;'2" K""'D] ’

(10b)
)V 0 4 Ry o om0 +)]
for -D2=y=D)/2, (10c)

and «,,, is the x-component wavenumber of the nth horizon-
tal mode resulting from the eigenvalue equation, Eq. (9),
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for y, =y =DI/2,

given that we have mth vertical mode excited. The normal-
ization factor w,,, can be found numerically by cmploying a
series of chain rules. This involves finding thc first deriva-
tives of the reflection coefficients with respect to k. In ad-
dition, taking a total derivative of the eigenvalue equation,
Eq. (9), with respect to the frequency w at k,=«,,, yields the
group slowness of the horizontal modes (dk,/dw) and hence
the group velocities. To extend the solution shown in Eq.
(10a)—(10c) to |y|>D/2 with the assumption of adiabatic
mode propagation, one can determine the unnorrhalized hori-
zontal mode function outside the bounded domain by satis-
fying the continuity and smoothness conditions across all of
the horizontal interfaces. For the horizontal ducted modes of
interest, the horizontal trapped mode functions are sinusoids
within the bounded domain and decay exponentially to van-
ish outward in the y direction. Note that, in the complex
contour integration, without compensation of the branch-line
integral for the exponential growth of the horizontal leaky
modes in the y direction, the solution does not converge
along the y-axis when the x-coordinate of a calculation point
is close to the source. However, the boundary of this diverg-
ing area gets further and further out in the y direction as the
x-coordinate of the calculation point moves away from the
source, and so the branch-line integral can generally be ne-
glected when the computation domain of interest expands
reasonably in the x direction. After all, in the domain of
small x and large y the sound field is dominated by the mode
coupling effect occurring as the sound penetrates the internal
waves at high grazing angles. This coupling is beyond the
limitation of our 3D normal mode theory, so the branch-line
intcgral failure is inconsequential.

2. Radiation field

The contribution of each vertical mode to the sound field
at the termination of the duct (x=L) can now be computed
from Eq. (10a)-(10c), and then used to obtain the radiation
field from the termination by adopting Huygens’ principle.
Under the prior assumptions, the ducted sound will pass
through the termination and radiate outward, with vertical
modal encrgy staying in the same mode (adiabatic mode
propagation). Hence, the total radiation field can be obtained
by summing up all the vertical mode radiations.
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The amplitude of the mth vertical mode at every termi-
nation position (x=L) is given by Eq. (10a)—(10c). Accord-
ing to Huygens’ principle, solutions at (x> L) must be con-
sistent with an infinite number of “modal” point sources
adjoining each other across the termination, radiating the
modal energy outward. Mathematically, the solution is found
using the Green’s function method. The required Green’s
function G,(x,y;&,7), where (£, %) indicates the termina-
tion position, i.e., &=L, is symmetric and equals
G..(&,m;x,y) by the principle of reciprocity. This is gov-
ermed by

F &F
(a_gz o 3_772‘)9".(& 7:%,Y) + LG nl€ pix,y)

=—5(§_xv7)_y)- (l‘)
Note that since the mth vertical modal amplitude at the ter-
mination provides a Dirichlet boundary condition for the ra-
diation field, a homogeneous Dirichlet boundary condition

for the Green’'s function (G,,(£, 7;x,y)=0) is required at &
=L. The method of images yields

Gy £ 1) = ﬁﬂg”(g,,,v‘(g—x)z + (7=

S in)l)(gm\/E'*'x = 2L)2 + (7)")’)2)v
(12)

where HE,') is the zeroth order Hankel function of the first
kind. With this Green’s function, it is straightforward to ob-
tain the radiated mode amplitude at x>L, ie., I',(x,y)
= JT (L, 9)dG(x,y; €, )/ erdn, and T,(L,7) is the
mth vertical modal amplitude across the termination. Substi-
tuting the necessary terms yields

where H(l') is the first order Hankel function of the first kind,
resulting from differentiation of Hg'). It is numcrically
straightforward to implement this Hankel integral, which is
done in Sec. 11 C. Alicrnatively, with the assistance of the
principal asymptotic form of the Hankel function for large
arguments, the far-field approximation is given by

: — W, (Y2
L(xy)= 27re'("’4)\/§mM_72
plz,)

(6] ;
X 2 Me'“nm(L_xi)()nm(r- 6), =S

n K’l m Wll m

where r=\(x—L)2+y2, 6=tan'[y/(x-L)]. Q,,(r,0)

=r12¢in" sin 6D,,(0), and b, (0)=Q2m) 2 " D,.(9)
Xe 2™udy  where the u in the exponent equals
L, sin 8/ (2 ).

The normal mode solutions for the ducted field and the
radiation field have been obtained, and now we shall re-visit
the prior assumption of total transmission at the open-ended
termination. Remember that since the termination gap is very
large compared to the underwater acoustic wavelength of
interest in a common case, the ka value (acoustic wavenum-
ber multiplying the gap aperture) is large and thus only tiny
amount of reflection energy is yielded, which means that the
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assumption of total transmission should be valid. In addition,
we can examine the continuity of the normal derivative of
the pressure field solution (the smoothness) across the termi-
nation, as we notice there is only pressure continuity condi-
tion being used in deriving the radiation field solution. If the
assumption of total transmission is sustained, the pressure
field solution should be smooth across the termination, as
shown in the next computational example.

C. Computational example

A numerical integration scheme is utilized to compute
the analytic solution shown in Eq. (13), and the environmen-
tal model considered here is illustrated in Fig. 1(a). To re-
mind the reader, a 3D Cartesian coordinate system (x-y-z) is
chosen for positioning (see the figure for the orientation).
The water column has two homogeneous layers; the sound
speed in the upper layer is 1520 m/s, faster than the lower
layer, where the sound speed is 1480 m/s. The density in the
water column (in both layers) is 1.0 g/cm?. The water depth
is 80 m, and the thickness of the upper water layer is 20 m.
Two nonlinear internal waves with square waveform disturb
the water column, and their wavefronts are both parallel to
the x-axis. These internal square waves have the same am-
plitude, 20 m, and wavelength, 200 m, and they both
abruptly terminate at x=20 km. The gap between the internal
waves is 300 m wide. The bottom is considered to be homo-
geneous, with sound speed of 1700 m/s, sound attenuation
coefficient of 0.5 dB/X\, and density of 1.5 g/cm’.

The first result shown here is the dependencc of the
radiation patterns of the vertical modes on the acoustic
source position. A sinusoidal 100-Hz source is considcred,
and Fig. 2 shows the intensity contours of the first and sec-
ond vertical modes excited by the source located at four dif-
ferent x-y positions in the gap between nonlinear intcrnal
waves. The internal waves form a horizontal duct at positions
0=x=20 km where the sound transmitted from the source
is trapped. The waves terminate at x=20 kin, and the trapped
sound radiates away at this position. Note that the source
depth is fixed (z,;=—70 m), and the internal waves have a
square shape so that excitation of vertical modes is the same
for each of the four source positions. There are more than
two vertical modes excited by the source, but only the first
two of them are shown in the plot. As shown in the figure,
each vertical mode has its unique radiation pattcrn. That is
because the across-duct energy distribution of each vertical
mode at the termination is unique [see Eq. (13)]. Note also
that the radiation pattern of each vertical mode differs dra-
matically for different source positions in the duct between
the waves. The reason is that for a given vertical mode the
excitation of the horizontal modes in the duct strongly de-
pends on the source position in the y-axis [see Eq.
(10a)—(10¢)], so the across-duct energy distribution of the
given vertical mode at the termination is a function of source
position, and thus the radiation pattern is a function of source
position.

The next computational result shows broadband sound
radiation from the termination of an identical truncated inter-
nal square-wave duct. The previous harmonic source is re-
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FIG. 2. (Color online) Intensity is shown for the first two vertical modes excited by a sinusoidal 100-Hz source located at four different y positions (shown
from top to bottom). The source is always in the gap between the nonlinear intemal waves, and the simplified model of Fig. t is used. Mode | intensity is
shown on the left, mode 2 on the right. The source depth is fixed. The edges of internal waves are indicated by dashed lines. See the main text for the detailed

environmental and acoustic source parameters.

placed by a source emitting a broadband signal which con-
tains 16 periods of a 100-Hz sine wave and is tapered by the
Hann window. Note that 99.95% of the source energy is
contained in the 25-Hz bandwidth centered at 100 Hz. This
broadband source is fixed at a position of (x,,y,,z,)
=(0 km,0 m,-70 m), and a hydrophone array is placed at
x=30km (10 km distant from the termination of the
internal-wave duct). The array has a vertical component [ver-
tical line array (VLA)] covering the whole water column and
located at y=0 m and a horizontal component [horizontal
line array (HLA)] placed on the bottom and extending along
the negative y-axis for 1000 m.

The internal waves form a horizontal acoustic duct at
positions 0 =x=20 km. Horizontal modal dispersion in the
duct 1s examined here because this phenomenon affects the
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broadband result. The dispersion of horizontal modes can be
quantificd by modal group velocities. Figure 3 shows how,
for this duct configuration, the group velocities of the hori-
zontal modes associated with the second vertical mode vary
with the horizontal mode number and the frequency. The
group velocities of horizontal modes have upper limits given
by the group velocity computcd using profiles in the wave
crests (i.e., away from the wave duct region, which happens
to be the profile in thc duct itself for this idealized configu-
ration). However, when the horizontal mode angle with re-
spect to the internal-wave crests, detcrmined from
cos™ W (kpm/ £,,), nears the critical grazing angle for total inter-
nal reflection, the horizontal modal energy tunnels through
the internal-wave trough, where the vertical modal phase and
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group velocities are higher, and thus the horizontal modal
group velocity increases and exceeds that limit (see the sixth
horizontal mode in Fig. 3).

The four panels in Fig. 4 illustrate the magnitude of the
broadband acoustic time series received on the hydrophone

VLA at (x=30.0 km, y=0.0 m)
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FIG. 4. (Color online) Broadband sound radiation from the termination of
the inlernal-wave ducl in the simplified mode. From 1op 10 botiom, the y
position of the source with respect to the waves differs. The righl panels
illustrale the pulse intensity recetved at the horizonlal and vertical arrays,
denoting by thick lines in the lefl panels. See the main text for the detailed
information about the mode! parameters.
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arrays (both on the VLA and the HLA) when the truncated
internal-wave duet is located at four different positions along
the y-axis. As shown in the plot, each vertical mode arrival is
well separated in time at the array; the arrivals on the VLA
nicely represent the vertical mode shapes, and the arrivals on
the HLA provide a means for us to observc the energy dis-
tribution of each vertical mode along the y-axis. Due to the
change in source position in the internal-wave duet, modal
radiation patterns at these four cases are different, and we do
see the intensity of modal arrivals changing. This broadband
souree calculation does show the effect of horizontal modal
dispersion (see the multiple arrivals of the second vertical
mode in the top two panels of the plot). This is indeed a nice
illustration in the time domain that the modal field now has
vertical and horizontal mode numbers.

lll. 3D PARABOLIC EQUATION MODELING

In the ocean, background sound speed profiles and non-
linear internal waves are not as simple as in the previous
simplified model, and it would be challenging if not impos-
sible to obtain an analytical solution for the 3D sound field.
In order to handle a more realistic case, an acoustical propa-
gation program 10 using the 3D parabolic approximation is
employed here. The modeling technique utilized in this pro-
gram is discussed briefly below, and the reader is referred to
the technieal report 19 for further details. Note that the para-
bolic approximation is more complete than the approach of
Sec. 1l because it allows mode coupling, which has been
observed to oceur in the field, but is not expeeted to oecur
near the termination which we are modeling.

A. Split-step Fourier algorithm

The acoustical propagation program we use employs the
split-step Fourier (SSF) technique” to solvc the 3D parabolic
acoustic wave equation (PE) for one-way propagating waves
from a harmonic souree in a Cartesian coordinate system.
The SSF technique divides propagation over each distance
increment through a heterogencous sound speed environment
into stcp-by-step “free space” propagation through a medium
having a fixed reference wavenumber and pcriodically intro-
duced (at each step) phase fluctuations consistent with depar-
tures from that fixed speed. The free space propagation is
handled in the wavcnumber domain, and the phase anomalies
are introduced in the spatial domain. Amplitude effects such
as absorption are introdueed with the phase anomalics. Thus,
each step (defined to be in the x direction) requires a 2D
Fourier transform and an inverse 2D Fourier transform. Note
that the wide-angle variant of the propagation operator18 is
used.

B. Numerical simulation example

The environmental conditions for the numerical sinmwla-
tion using the Cartesian 3D PE program are illustrated in the
upper-left panel of Fig. 5 and are described here. The watcr
depth is 80 m, and a typical downward refracting sound
speed profile observed in the ocean is considered. The bot-
tom geoacoustie properties are listed in the figure. Note that
the bottom density is set to be 1 g/em’ because the current
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FIG. 5. (Color online) Numerical simulation of 3D sound propagation in an internal-wave duct model. {a) Upper left panel: environmental conditions in the
numerical calculation. The sound speed profile represents a downward refracting situation in shallow water ocean. A sinusoidal 200-Hz source is located at
60-m depth. {b) Lower right panel: illustrations of 3D sound pressure fields. On the bottom of the visualization volume a 2D distribution of depth-averaged
sound intensity is shown. The vertical slices show intensity on the slice. The transparent surface illustrates the displacement of the top of thermocline layer,

i.e., internal waves.

version of this Cartesian 3D PE program does not allow
medium density to vary; however, the conclusion drawn
from the simulation result should still be valid. The nonlinear
internal-wave chain moving in the y direction consists of
three solitons, which depress the thermocline into the deeper
water column. Although the solitons have different ampli-
tudes, they all satisfy the Korteweg-de Vries (KdV) nonlin-
ear internal-wave equation. Along the soliton wavefront (see
the transparent surface shown in the lower-right panels of
Fig. 5), the internal-wave waveform extends to x=10 km dis-
tant from the acoustic source with a permanent shape and
then gradually diminishes to zero within a 4 km distance
(14 km total).

The first numerical calculation is for narrowband sound
propagation. The acoustic source, emitting 200-Hz sound, is
placed between the biggest two solitons and at 60-m depth in
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the water, close to a node of the third acoustic mode. The
calculation domain of the 3D PE program is configured in
such a way that we can simulate sound propagating in the
nonlinear internal-wave duct and radiating outward from the
termination of the duct. A mode filtering is employed to ob-
tain acoustic mode amplitudes at each (x,y) position from
the full-field solution. The 3D visualization volume in Fig. 5
shows the simulation results. On the bottom of the visualiza-
tion volume a 2D distribution of depth-averaged sound in-
tensity is presented, and a vertical slice slides through the
field to show detailed 3D structure. The mode amplitudes
resulting from mode filtering are shown in Fig. 6 as horizon-
tal contours, from which the following is observed.

Within the first 10-km propagation distance, despite
some of the sound energy escaping at high angles with re-
spect to the duct direction, the modal interference process
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FIG. 6. (Color online) Vertical mode intensity is shown for propagation in the environmental model of Fig. 5. The solid lines are along internal-wave troughs,
and the dashed lines indicate the “diminishing region” of the internal waves. See the main text for detailed discussions. At the lower right, the modal intensity

at the right hand edge of other panels is plotted.

yields a strong focusing effect in the internal-wave duct,
which is consistent with what has been reported in the
literature."*>”7 The radiation beam pattern, unique to each
mode, starts to develop in the diminishing region of internal
waves and becomes fully developed after the sound exits the
duct with the fcaturcs suggested by the simplified analytic
model in Sec. II. Note that from the plot of mode amplitudes
(Fig. 6) no mode-coupling effect is observed in both the
ducted sound area and the radiation field, which confirms the
assumption of adiabatic mode propagation used in deriving
the normal mode solution.

The next casc is broadband sound propagation, and the
previous narrowband source is replaced by a source cmitting
a broadband signal which contains 16 periods of a 200-Hz
sine wave and is tapered by a Hann window. Since 99.95%
of the source energy is contained in thc 50-Hz band ccntercd
at 200 Hz, one can calculate the fields for frcquencies from
175 to 225 Hz {at N-Hz spacing) and sum them to produce a
N~l-second-long broadband reception at any receiving point.
The four panels in Fig. 7 illustrate the magnitude of the
broadband signals received at four VLAs distributed across
the wavefront at the end of the propagation distance (X
=24 km). The VLA locations arc chosen to reveal the spatial
variability of broadband sound radiation from the open end
of the nonlinear internal-wave duct. A good refcrence VLA is
the one located at the source axis (labeled as ¥Y=0 m), whcre
all vertical modes except for the third mode are distinct. Notc
that since the source is placed close to a depth null of the
third mode, insignificant modal energy is excited. First we
see that at Y=300 m the fifth mode fadcs out, and (more
dramatically) at Y=1101 m only the second mode is observ-
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able. In addition, as seen in the previous analytical compu-
tation, multiple arrival of the same mode is also observed in
this numerical calculation (mode 1 at Y=-1251 m). All of
these plots truly convey thc complexity of the sound field
due to the modal radiation effcct.

IV. EXPERIMENTAL DATA

In Secs. II and IIl theoretical and numerical analyses
have been implemented to study acoustic mode radiation
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FIG. 7. (Color online) Simulation results for broadband sound (50-Hz band-
width centered at 200-Hz) propagation in the environmenta! model of Fig. 5.
These four panels show the intensity of the broadband signals received at
four vertieal hydrophone line arrays distributed across the wavefront at X
=24 km.
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FIG. 8. Study area of the SW06 experiment. The depth of each isobath line
is labeled. A total of 62 moorings was deployed in a “T” geometry to create
an along-shelf path and an across-shelf path. The data collected from the six
labeled moorings on the along-shelf path are used in this paper.

from the terminations of idealized square-wave and KdV-
model internal-wave ducts. Here we shall examine acoustic
signals measured in the coastal ocean for evidence of fea-
tures similar to those seen in the computational examples. In
the summer of 2006 a large multi-disciplinary experiment,
SWO06,"" was conducted on the Mid-Atlantic Bight continen-
tal shelf at a location about 160 km east of the New Jersey
coast and about 80 km southwest of the Hudson Canyon
(Fig. 8). A total of 62 acoustic and oceanographic moorings

ENV#33 20-Aug-2006

10
15 AT A
25 - SR W » ST - e o st - it e
10:00 11:00 12:00
NRL300 20-Aug-2006
10 o z
20-'“**"% e AN
10.00 100 12:.00
o ENV#32 20-Aug-2006
e
2
o
g : =
g 10:00 11:00 12:00
= ENV#31 20-Aug-2006
L e — _,_.1
15-""\"‘"
e —
25“ Ao - - " —— 1
10:00 11:00 12:00
ENV#30 20-Aug-2008
L — - e
15: 1
Zo’r'v\r\r—‘ v "'\‘
25 4. e L.
10:00 12:.00

11:00
Time (HH:MM)

Depth (m)

was deployed in a “T” geometry to create an along-shelf
track (following the 80-m isobath line) and an across-shelf
track (depths changing from 50 to 500 m). In this paper, we
will focus on the data collected from some of the moorings
deployed on the along-shelf track. At the southern end of the
along-shelf track, an underwater hydrophone-array system
(labeled by “WHOI array” as it was deployed by the acous-
tics group from the Woods Hole Oceanographic Institution)
was positioned. This system has two arrays: one is a 16-
channel VLA covering the water column from depth 13.5 m
to the bottom, and the other is a 465-m-long HLA with 32
uniformly-spaced hydrophones deployed on the bottom in a
strict N-S orientation. There were many acoustic sources de-
ployed in the water during the SWO06 experiment, and the
specific source of interest on the along-shelf track is a source
transmitting a frequency modulated (FM) sweep sound cen-
tered at frequency of 300 Hz with 60-Hz bandwidth (labeled
by “NRL300” as this source is owned by the U.S. Naval
Research Laboratory). Water temperature data collected at
the NRL300 source mooring and the WHOI array will be
used to identify internal waves. Four oceanographic moor-
ings deployed on the along-shelf track (labeled by ENV#30-
33) also provide other useful environmental measurements,
including watet temperature and current speeds.

The environmental data indicate that a strong nonlinear
internal-wave packet with a somewhat straight wavefront
started passing through the along-shelf mooring track at
about 10:00 Greenwich mean time (GMT) on August 20 (see
Fig. 9). The angle between the wavefront and the along-shelf
track was about 6 deg. The environmental data also indicate

Vertlcal Current Speed at ENV#33

11:00
Time (HH:MM)

FIG. 9. (Color online) Environmental data collected from the moorings distributed along the 80-m-isobath track (total 30 km long) in the SW06 experiment
on August 20 from 8:00 to 14:00 (GMT). Left panels: temperature data at threc different depths about 10 m (thick line), 20 m (dashed line), and 30 m (thin
line). Right panels: vertical current speeds measured by the acoustic Doppler current profilers. Both temperature and current speed data show that a truncated
nonlinear internal-wave packet, terminating between moorings ENV#32 and ENV#31, passed through the mooring track.
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that this internal-wave packet terminated between moorings
ENV#32 and ENV#31, and that the exact terminating point
should be around 13 km distant from the NRL300 source
and 5 km distant from the WHOI array. The NRL300 source
was designed to transmit sound for 7.5 min at every hour and
half-hour. At the next transmission (10:30 GMT) after the
internal-wave packet reached the NRL300 source, the source
was still in the packet. Hence it can be expected that the
sound transmitted from the source would be trapped in the
duct formced by the internal waves and propagate toward the
termination of the internal-wave packet betwcen moorings
ENV#32 and ENV#31. The trapped sound would then radi-
ate out from the termination and finally reach the WHOI
array. In the following, we will see that the sound field re-
ceived at the array was structured in a way that suggests that
ducting and radiation from the duct had strong influences.

The NRL300 source linearly swept over 270-330 Hz in
exactly 2.048 s every 4.096 s for 110 times, which yielded a
7.5-min-long transmission, at every hour and half-hour. Each
sweep was tapered with a 0.2048-s amplitude taper (10%
cosine tapcr) at the beginning and the end to allow gradually
ramping on and off. A standard matched filter can compress
the sweep to 33 ms, but with significant side-lobe ripples that
could mask the multi-modal arrivals in this case. To reduce
the side lobes, one can apply a taper window on the replica
waveform of the matched filter'® at the cost of increasing the
(compressed) pulse length. In this data analysis the Ham-
ming window function is applied, and thc matched filter with
such a tapered replica waveform produces 66-ms-long com-
pressed pulses with side lobes less than —30 dB. Three of the
110 pulses are shown in Fig. 10, where one can clearly see
complicated temporal and spatial variability. To further ana-
lyze the data and quantify the variability, the following
modal analyses are performed.

Modal excitation by the NRL300 source during the
transmission period encountering the truncated internal-wave
packet is calculated by thc acoustic normal mode program
KRAKEN.” The in situ water sound speed measurements on
thc NRL300 source mooring and a bottom model provided
by a previous study21 are used in the program. The calcula-
tion results, shown in Fig. 11, indicate that the variation in
modal energy excitation caused by the local water-column
fluctuations is less than 3 dB, with the maximum variation
occurring in the first mode. A series of broadband mode fil-
terings is performed next to examinc the vertical modal con-
tent of the received pulses on the WHOI VLA. The vertical
modc functions used in the filter are calculated by the
KRAKEN program, and the in situ water sound speed mea-
suremments on the WHOI VLA and the same bottom model
for modal cxcitation calculation are used. Figure 12 shows
the vertical mode functions of frequency 300 Hz at 10:32:30
GMT. The mode-filter outputs, shown in Fig. 13, reveal a
very interesting mode-dcpendent variation pattern; one can
see that modal arrival levels can vary up to 30 dB in 3 min,
and also that modal arrivals alternatcly diminish. This is
quite striking. Examining possiblc causcs of this, given the
good coverage of the WHOI VLA in the water column (see
Fig. 12), there should not be a serious modal cross-talking
defect in the mode filtering process, especially for the lowcst
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three modes. Hence the modal variation seen in thc fiiter
outputs is not due to imperfect signal processing. Anothcr
possible explanation is variable modal excitation. A modal
excitation calculation suggests that less than 3-dB variation
should be expected, which cannot explain the 30-dB varia-
tions in modal arrival levels, not even if one placed consid-
erable uncertainty on the modal excitation prediction. invok-
ing known mechanisms for mode coupling is also
unreasonable because the fairly straight wavefront of the
truncated intcrnal-wave packet is only about 6 deg to the
propagation path from the source to the receiver, which is
smaller than the typical angles causing coupling (although
the very largest waves measured in the SWO06 area, 20-m
amplitude, may cause coupling at 8 deg22). Thus, the modal
arrivals are most consistent with timc-variable of acoustic
mode radiation from the internal-wave duct termination. As
the internal-wave duct passed over the NRL300 source the
relative source position in the duct changed, causing horizon-
tal modal radiation pattern fluctuation in the manner illus-
trated by the examples.

V. DISCUSSIONS

The theoretical and numerical calculations clearly show
that variable acoustic mode radiation from: the termination of
an internal-wave duct can be a significant source of spatial
and temporal fluctuations of sound outside the duct. The spa-
tial fluctuations result from thc narrow angular extent of thc
radiation beams, for each mode, that emerge from the termi-
nation. One consequence is that the sound intensity in the
areas not covered by radiation beams is rcduced. Thc beams
have temporal variability becausc passage of a truncated
internal-wave duct over a fixed source causes the source po-
sition in the duct to vary in time, thus giving a time-
dependence to the excitation of horizontal mode and thus to
the emerging beams.

The real oceanic environment is often more complicated
than the modeled cnvironments uscd in this paper, and therc
are other acoustic effects that cause acoustic fluctuation pat-
terns that are similar to the modal beam cffect and that wc
shall be awarc of. For instance, the effect of mode coupling
on changing received modal intensity can be similar to the
modal beam effect. To distinguish these two effects, one may
need to carefully examine environmental data and detenmine
which effect is more likely to occur in the environmental
condition, as done here for the NRL300 signals. The follow-
ing is another example. The calculations herein show that
horizontal modal dispersion within the duct may causc mul-
tiple arrival of a mode (see the top two panels of Fig. 4 and
the lower right panel of Fig. 7). However, in sound transmis-
sion data collected in the 1988 Hudson Canyon
Expcriment,23 Ccderberg et al.?* observed that a decep sub-
bottom duct may produce two diffcrent modcs with almost
identical wavcnumbers and with shapcs that are similar in
the water column. Separate arrival of the two modes may be
mistaken for multiple arrival of the same modc, particularly
when noise is present. This sub-bottomn ducting effect pre-
sents an alternative explanation of the double (repeat) mode
features.
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FIG. 10. (Cotor online) Compressed putses of the NRL300 sweep signals received on the SW06 WHOI array. (Right) Pulse arrivals at three times are shown,
from top to bottom. To the left of each pulse plot, temperature vs depth time series for the source and receiver positions are shown. The line indicates the
condition at the time of transmission. At these times, the source was in the truncated internat-wave packet shown in Fig. 9.

During the SW06 experiment, other internal-wave duct-
ing situations were observed, such as curved waves or frag-
mented waves. In the interesting curved wave situation,
sound initially trapped in the duct may escape due to the
change in the grazing angles of trapped sound. That is, hori-
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zontal modes that are sub-critical may become supercritical
and escape. As for a fragmented internal-wave field, sound
will encounter multiple processes of trapping and radiating,
and the single truncation case reported in this paper may
serve as a starting point toward understanding that multiple-
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FIG. 11. Time series of theoretical estimates of the energy excitation of first
three modes hy the NRL300 source during the truncated internal-wave event
shown in Fig. 9 on Augusi 20.

scatter case. It is also worth mentioning that when an acous-
tic source is just outside and close to a truncated internal-
wave duct, the significance of the mode radiation effect
depends on how far the source is away from the duct. If it is
close, a certain amount of energy may still be trapped in the
duct after the sound refracts into the duct, and so at the
termination one can still observe significant radiation effects.

The modal radiation may affect horizontal array beam-
forming. The simulations show that the termination acts like
a sound projector, and horizontal beamforming may show
incorrect sound source bearing directed toward the termina-
tion. Note that narrow beams are not plane waves, and stan-
dard beamforming with arrays larger than the beam width
may be inconclusive. Also, because of the interference of the
radiation patterns of different modes, the array coherent
length in the radiation field may be much shorter than what
would be expected at array locations far from internal waves
(a typical value in the SWO6 site is 15 wavelengths at
100 Hz, according to the measurement of Collis et al.” dur-
ing quiescent periods. Further analysis of a larger portion of
this data set shows higher values of 25-30 wavelengths dur-
ing the first week of the expcriment).

VI. CONCLUSIONS

The sound radiation from the termination of a truncated
internal-wave duct has been studied with both analytical and

Sound Speed (m/s)
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FIG. 12. Estimates of the mode functions of frequency 300 Hz at the loca-
tion of WHOI VLA at 10:32:30 GMT on August 20 in the SW06 experi-
ment. The in situ water-column sound speed profile and a bottom model

derived from Ref. 21 are used for ealculating the modes. The circles on the
curves indicate the hydrophone depths on the VLA.
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FIG. 13. (Color online) Broadband mode-filtered outpuls of the received
NRL300 pulses on the WHO! VLA during 1he truncated internal-wave event
on August 20 in the SWO06 experimenl. The first three modes are shown, and
a total of 110 pulses is analyzed. The mode intensities fluctuate in lime.

numerical approaches. A 3D normal modc solution has becn
derived to describe thc radiation field in a simplificd trun-
cated intcrnal-wave duct model, and a computcr code imple-
menting 3D PE approximation is employed to investigate the
radiation effects in a more realistic shallow-water ocean en-
vironment. Both of the analytical and numcrical calculations
predict anomalous sound radiation fields at locations far
from the termination of a truncated internal-wave duct. The
radiation patterns are unique to each mode and show strong
spatial and temporal variability. The studies also show that
the cause of this is a strong dependence on the position of an
acoustic source in the duct, which changes in time for a
moving wave and a moving or fixed source. Broadband
simulations made in this paper rcveal situations where onc or
more modes are complctely absent on a fixed VLLA because
the strongly localized modal radiation bcams cannot just
reach the fixed array and mode multipath arising from dis-
persive propagation within the horizontal wavcguide.
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BREAKING WAVES

Shallow Water '06

A Joint Acoustic Propagation/
Nonlinear Internal Wave Physics Experiment

BY DAJUN TANG, JAMES N. MOUM, JAMES F. LYNCH, PHIL ABBOT, ROSS CHAPMAN,
PETER H. DAHL, TIMOTHY F. DUDA, GLEN GAWARKIEWICZ, SCOTT GLENN, JOHN A. GOFF,
HANS GRABER, JOHN KEMP, ANDREW MAFFEI, JONATHAN D. NASH, AND ARTHUR NEWHALL

SINCE THE END of the Cold War,
the US Navy has had an increasing inter-
est in continental shelves and slopes as
operational areas. To work in such areas
requires a good understanding of ocean
acoustics, coastal physical oceanography,
and, in the modern era, autonomous
underwater vehicle (AUV) operations.
Each area presents challenges for both
the scientist and the Navy. In physi-
cal oceanography, a complex interplay
among winds, rivers, tides, and local
bathymetry drives a nonstationary, shelf-
break front and the nonlinear inter-
nal wave (NLIW) field. These strongly
affect acoustic systems but are not
adequately understood. A key oceano-
graphic challenge is to model the fully
four-dimensional ocean from the large-
scale circulation down to fine scales,
which include NLIW packets, internal
tides, jets, and density fronts. Both Navy
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acoustics systems and Navy opera-
tions need the “local ocean weather” as
well as the “ocean climate” as part of
the routine forecast, but the former is
not yet available.

In ocean acoustics, the Navy wishes
to operate both at low frequencies
(100-1000 Hz) and mid frequencies
(1000-10,000 Hz), which poses ques-
tions on a variety of spatial and temporal
scales. For low-frequency acoustics, it has
become obvious that fully three-dimen-
sional (spatial) oceanography is neces-
sary for propagation prediction. A bit
more surprisingly, it appears that fully
three-dimensional (spatial) acoustics
codes might be necessary as well, a big
divergence from the two-dimensional
slice between source and receiver that
has been adequate for ocean acoustics to
date. At medium frequency, the effects of
NLIWSs on sonar systems are predicted

to be large and critical, but precious little
experimental data combining acoustics
with a well-characterized coastal ocean
is to be found. Another challenge is to
try to extrapolate the routinely measured
“single bounce” acoustic paths (those
with one surface or bottom interaction)
to predict how multiple-bounce sonar
systems would perform.

In using autonomous vehicles, rapidly
and efficiently sampling the oceanogra-
phy, particularly the temperature field,
s0 as to optimize the placement and
performance of acoustics systems is a
major technical hurdle to be cleared. The
Navy is increasingly interested in using
AUVs and gliders for such work, as they
can operate persistently over large areas,
comparatively inexpensively.

To pursue these questions, the
Office of Naval Research (ONR) spon-

sored a large, multidisciplinary, multi-
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institution, multinational experiment off

the coast of New Jersey in summer 2006,
designated “Shallow Water "06” (SW06).
This large-scale experiment had three
named components corresponding to
the three major research and technology
thrusts: in acoustics, LEAR (for Littoral
Environmental Acoustics Research); in
physical oceanography, NLIWI (the Non
Linear Internal Waves Initiative); and in
vehicles, AWACS (for Acoustic Wide Area
Coverage for Surveillance).

EXPERIMENTAL SETUP

AND LOGISTICS

Over its two-month duration (mid-
July to mid-September), the SW06
experiment entrained enormous
resources: seven ships, 62 moorings,
aircraft overflights and satellite cover-
age, a fleet of ten oceanographic gliders,

data-assimilating numerical modeling,

real-time data communication from a
number of shipboard experiments, and
dozens of principal investigators tending
to their parts of this coordinated effort.

Two of the logistical components of
this effort merit special attention due to
their sheer size and novelty: (1) moor
ing layout, construction, deployment,
and recovery, and (2) real-time data and
experiment-status communications via
the SW06 Web site.

Mooring

The core measurement suite of the SW06
experiment was an array of 62 acoustics
and physical oceanography moorings
(57 long term, 5 short term) that were
deployed in a “T” geometry, with the
stem of the T stretching 30 km along-
shelf at the 80-m isobath, and the top of
the T stretching 50 km across-shelf from
the 500-m isobath to the 60-m isobath

Figure 1. A graphic overview of the
SWO6 experiment. Moored instru-
mentation is deployed in lines in the
along-shelf and across-shelf directions

to observe shelf-break front and internal wave pack-
ets. A fully three-dimensional array at the intersec-
tion of the *T" is designed to study the wave-front
length scales of nonlinear internal waves. A fleet of
six gliders monitors mesoscale oceanography in the
region. An “L"-shaped array of hydrophones consists
of a horizonta! and a vertical line array, and monitors
sound transmissions throughout the experiment,
while moored and shipboard sources transmit sig-
nals. Ships carry out oceanographic, geologic, and
acoustic research while networked to each other and
to laboratories ashore to share information. Planes
and satellites overhead image internal waves and
other ocean processes. The bathymetry in the figure
is an artist’s rendition showing generally correct but
not exact features.

(see Figure 1). The geometry and place-
ment of the T were arranged to provide
good along- and across-shelf views of
the shelf-break front, the local eddy
field, and the nonlinear internal wave
field, three oceanographic quantities of
primary interest. A small (10 x 10 km?)
moored oceanography array was placed
at the crossing of the T to look at fully
three-dimensional (spatially) nonlinear
internal wave structure.

The T geometry was very efficient for
notifying fishermen and other mariners
where our equipment was located—we
simply had to specify the endpoints and
crossing of the T. As a result, no gear
was lost to fishing activity. Amazingly,
we recovered every mooring that we
deployed, with about 95% data return,
despite having one lithium battery pack
explode and one mooring drift out to sea

after Hurricane Ernesto.
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Web Site

New challenges in the area of oceano-
graphic experiment logistics, real-time
field communication, and data fusion
and exchange led to the creation of Web-
based software tools to enable coordi-
nated, real-time collaboration between
researchers at sea and ashore. SW06
researchers could monitor the location

of several ships, dozens of moorings,

deployment; ship, glider and aircraft
tracks; daily reports; weather informa-
tion; CODAR (Coastal Ocean Dynamics
Applications Radar) and satellite imag-
ery; and ocean-model results. These Web
tools allowed us to collect and organize
this information into a usable form,

and also provided a searchable, time-
based archive of the entire experiment.

The development of these tools was an

SWO06 researchers could monitor the

location of several ships, dozens of

moorings, assorted underwater vehicles,

and other platforms in near real time.

assorted underwater vehicles, and other
platforms in near real time. Information
gathered off the Internet was merged
with information collected during oper-
ations at sea and inserted into a basic
framework to provide additional sup-
port. A primarily wireless network com-
prised of satellite, shipboard, and global
Internet links was used to synchronize
Web sites on five ships and multiple
shore-based servers so that all partici-
pants in the experiment could contrib-

ute and monitor platform locations/

important contribution to the experi-
ment, providing the means for using
research vessels on scientific expeditions

as parts of a real-time ocean observatory.

PHYSICAL OCEANOGRAPHY
(NLIWI)

One of the principal foci of the experi-
ment was internal waves. These come

in two general types: (1) linear internal
waves that include long-wavelength (tens
of kilometers) entities such as internal

tides and near-inertial waves, and follow

a linear wave equation, and (2) nonlin-
ear internal waves that have short length
scales (hundreds of meters), are charac-
terized by large particle velocities, and
follow nonlinear wave equations such as
the Korteweg-deVries equation. These
nonlinear waves have a large acoustical
effect, and we now know that they can be
found all over the world’s ocean shelves.
Indeed, they are nearly as comnion as
surface waves, given stratified waters.
Internal-wave activity on the New
Jersey slope is particularly well docu-
mented through both satellite synthetic
aperture radar (SAR) imagery (Jackson
and Apel, 2004) and previous in situ
experiments (Apel et al., 2006). SAR
imagery clearly reveals the surface sig-
natures of wave packets (Figure 2) that
appear to originate near the shelf break
and propagate shoreward. But this pic-
ture is not a totally simple one. Irregular
bathymetry near the shelf break, such
as canyons, can produce circular wave
fronts that combine with the planar ones
from the shelf break and with each other.
Along the New Jersey coast, the ambi-
ent stratification is also complicated
by the existence of a shelf-break front
(a salinity-density front/current com-
bination that meanders near the shelf

edge), the frequent presence of warm-
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Figure 2. Radarsat observation from August 13, 2006. Part of the across-shelf
mooring array is shown in the figure to provide scale. The structure of the

nonlinear internal wave packets, including some pronounced curvature of
the wave fronts, is clearly visible. Understanding the correlation of these sur-
face images with subsurface observations is one of the objectives of SW06.

core eddies shed from the Gulf Stream,
strong freshwater influences, near-iner-
tial wave activity, and the frequent pas-
sage of tropical storms. The complex-
ity that all this variability induces into
the internal wave field is important to
acoustics. As a matter of physical ocean-
ography/acoustics synergy, the suite of
moored instruments was designed not
only to focus on fundamental aspects of
internal-wave physics but also to sup-

port the acoustics measurements by

defining both the space/time variability
of the sound-speed field and the propa-
gation of individual nonlinear internal
wave trains through the acoustics array.
Numerous local shipboard measure-
ments were made to investigate the
evolving wave structure and energetics
and to support short-range acoustics
experiments. A considerable modeling
effort combining oceanography, acous-
tics, and Navy needs augments these
observations. These models encompass

mesoscales to NLIW scales, represent-
ing an ambitious drive to cover yet more
of the full-ocean spectrum with data-
assimilating models.

From an observational perspec-
tive, the primary objectives were (1) to
understand and describe the two- and
three-dimensional structures of NLIWs
in sufficient detail to aid in improving
wave models beyond small-amplitude
wave theories that are inadequate but
still in use, (2) to define the energy evo-
lution and transport, and (3) to identify
wave-generation sites, times, and mecha-
nisms. These are all necessary for predic-
tion of wave generation and propagation
over the continental shelf. In addition,
important efforts include a quantita-
tive physical assessment of surface radar
signatures in terms of small-scale sea-

surface variability.

Background Oceanographic
Conditic aind Nonlinear Internal
Waves in S\W

While NLIWs appear like clockwork in
some parts of the world’s ocean (like

the South China Sea; Ramp et al., 2004),
prediction of the nonlinear internal wave
climate over continental shelves is noto-
riously difficult. During SW06, NLIW
packets were observed at all phases of the
barotropic tide. This variability in the
timing of waves is not unlike previous
continental shelf observations (Colosi

et al., 2001; Moum et al., 2007). More
importantly, and entirely counter to our
expectations, larger and more frequent
waves appeared during neap tides than
during spring tides (which peaked on

11 August). One of the more interesting
challenges posed by our data will be to
reconcile this curious observation with

our initial expectations.
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Figure 3. Detailed acoustic backscatter, velocity (components shown are in the direction of wave
propagation, u, and vertical, w), and turbulence (€) observations of a nonlinear internal wave
packet tracked by R/V Oceanus while propagating onshore over the New Jersey shelf during
SWO06. Two isopycnals are plotted over the u image. The two columns show two stages of wave-
packet evolution. During the 5-h separation between these observations, the wave propagated
17 km (wave speed = 0.8 m s'), or almost 100 wavelengths. The wave-packet evolution is sig-
nificant; it changes from a well-defined set of radar wave fronts and an internal velocity/density
structure that is clearly representative of solitary-like waves to a less-ordered structure marked
by extreme turbulence at the base of its velocity core. This in turn is associated with what appear
to be small-scale Kelvin-Helmholtz billows (as seen in the acoustic backscatter). These observa-
tions were made using shipboard acoustics and the Chameleon turbulence profiler. Figure cour-
tesy Emily Shroyer, Oregon State University
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Observations
Intensive moored observations were
designed to capture both mesoscale
oceanography and the high-frequency
wave climate. Water-column velocity,
temperature, and salinity were measured
with ~10-m resolution from ten dedi-
cated oceanography moorings. Five bot-
tom landers were deployed at 70-, 80-,
85-, 110-, and 125-m water depths to
measure near-bottom density, pressure,
and turbulence as well as full-water-col-
umn velocity structure at 5-s intervals.
Two Air-Sea Interaction Spar (ASIS)
buoys were deployed at 70- and 80-m
water depths to measure atmospheric
conditions, to quantify the surface grav-
ity wave field, and to measure near-
surface currents and density. Most
instruments were sampled at 30-s inter-
vals to resolve high-frequency waves.
Multiple ships were used to chase
wave packets across the continental shelf,
hopefully from their birth sites to their
death sites. Shipboard experiments to
track evolving wave groups, including
slaloming through the three-dimensional
moored array cluster, were conducted
from R/Vs Endeavor and Oceanus. These
observations included acoustic Doppler
current profilers sampled at high spa-
tial and temporal resolution (to map
the NLIW velocity field in detail) and
in situ measurements of temperature,
salinity, and small-scale turbulence.
Highly detailed depictions of wave
groups obtained (Figure 3) from these
data show the evolving structures of
individual waves and how their relative
positions within wave groups change as
they propagate onshore. Shipboard wave
tracking also provided clear observations
of so-called “varicose” (mode-2) waves

in a geophysical fluid (that is, waves that




both elevate isopycnals above a density
interface and depress them below) and
the change in sign from depression waves
to elevation waves as they shoal.

Shipboard observations also included
X-band radar measurements of the sea
surface (Figure 3). These records pro-
vided depictions of the wave fronts over
3-nm ranges from the ships, extend-
ing our understanding of the shapes of
the wave fronts beyond their points of
intersection with the ships. Wave-front
shapes were tracked even further by
aircraft radar flights and satellite SAR
observations. One of the challenges of
NLIWTI will be to obtain a first-order
understanding of the structure of the
evolving wave fronts.

To monitor the critical mesoscale vari-
ability, a suite of 10 gliders was deployed
with the goal of continually flying six of
these through the moored array, a goal
that was largely achieved. These observa-
tions were augmented by Scanfish sur-
veys extending across the shelf and over
the continental slope to provide a broad

perspective of the variability of the shelf-

swept acoustics system of four transduc-
ers to remotely detect the spectrum of
backscattering generated by small-scale
sound speed microstructure created by
turbulence instabilities within waves.
This measurement augments profiling
observations of turbulence by providing
a continuous sequence between profiles.
It also helps to identify the detailed phys-
ical structure of the waves.
High-resolution pressure sensors were
deployed on three bottom landers along
the array. Results show that the seafloor
pressure signal of the NLIWs observed by
other means during SW06 is measurable
(Moum and Nash, in press). This rela-
tively simple measurement suggests new

ways to design NLIW detection antennae.

Modeling

Modeling of currents and stratifica-
tion (including sound speed) from the
synoptic to the wave scale is ongoing.
At large scales, the Regional Ocean
Modeling System assimilated data from
all platforms to provide real-time maps

of the relevant fields. At intermediate

The seabed forms the bottom boundary

condition for shallow-water acoustic and

oceanographic experiments, such as SW06.

break front and other mesocale varia-
tions in currents, temperature, and salin-
ity. Author Abbot and co-investigators
are preparing a WHOI technical report
on these surveys.

Two new types of observations were
exploited to investigate the NLIWs,
One of these was deployed from a ship
and used a broadband (120-600 kHz)

scales, the nonhydrostatic MIT general
circulation model was nested within the
larger model to provide clues as to how
the observed NLIWs are generated. At
the scale of the waves, a novel model
based on optimized mesh-point place-
ment provides detailed simulations of
small-scale tide-topography interaction

and wave generation. The challenge to

the modelers is to represent the sound-
speed field from the mesoscale to the
small-scale fluctuations caused by the

nonlinear waves.

GEOLOGY (LEAR)

The seabed forms the bottom bound-
ary condition for shallow-water acoustic
and oceanographic experiments, such as
SW06. While understanding the acoustic
properties of the seabed is of obvious
importance to the acoustic experiments,
and the bathymetry and roughness is
important to the oceanography, we also
seek a geologic understanding of the
sediments and the stratigraphic geom-
etries in which they were deposited. This
type of information provides context

for understanding the results and for
applying what we learned to other areas.
The stratigraphic geometries can help
guide extrapolation of bottom inverse
results from one location to other parts
of the survey region.

One of the big attractions of the
SWO06 area was the fact that, in addition
to having interesting physical oceanogra-
phy, the seabed had been examined and
characterized by previous experiments,
thus saving a large amount of effort and
money. Any further geological work
and stratigraphic surveying would be
answering more detailed questions about
the bottom, in accord with SW06’s status
as a “higher-order effects” type of experi-
ment, not an initial survey.

Much of the previous geological work
in this area was sponsored by ONR,
in large part as a response to a system
of buried, remnant river channels just
below the seafloor that were suspected to
be the sources of “geo-clutter”(false tar-
get backscatter returns due to geology) in

Navy sonar systems. Such buried chan-
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Figure 4. Schematic representation of stratigraphic elements along the strike-and-dip lines
(Figure 5) of the SW06 experiment. The strike of a stratum is a line representing the intersection
of that feature with the horizontal; the dip is the angle below the horizontal of a tilted stratum.
The star represents the approximate location of the “cross-hairs” of the SW06 experiment.

nels are quite common on continental
shelves, and so the New Jersey shelf pro-
vided a natural laboratory for looking

at this effect. The interested reader can
find the history of this fascinating work
in the following references: initial map-
ping of fluvial channels (Davies et al.,
1992); multibeam surveys and bathym-
etry (Goff et al., 1999); geophysical and
geological sample data (e.g., Goff et al.,
2004; Nordfjord et al., 2005, 2006); and
long-coring efforts (Nordfjord et al.,
2006). As a postscript, it was found that
the “geo-clutter,” though appreciable,
was often swamped by “bio-clutter” (i.e.,
reverberation returns from schools of
fish on the shelf and often near the shelf
break [Makris et al., 2006]). A large ONR
experiment to study this type of clutter
was initiated as a result.

Though our understanding of the
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overall geologic history of the SW06
region has grown immeasurably

(e.g., Duncan et al., 2000; Goft et al.,
2005; Gulick et al., 2005; Nordfjord

et al,, 2006}, major gaps still remain.

The “R” horizon is the most prominent
and widespread feature in the shallow
subsurface (e.g., Milliman et al., 1990;
Gulick et al., 2005; Figure 4). We know
from sampling and age dating that it is
approximately 40,000 years old, but the
reasons for its existence are still the sub-
ject of much speculation. The new SW06
chirp data and future long coring should
provide critical new morphologic and
stratigraphic constraints on the origin
of R. Lying on top of R is the outer-shelf
wedge, composed of alternating layers of
sand and mud that are imaged as numer-
ous layered reflections in chirp seismic

data. These sediments were most likely

deposited as sea level was falling in the
lead-up to the last glacial maximum. In
some locations, most notably the cen-
tral site of the SW06 experiment, the top
of the layered outer shelf wedge is very
erose, cut by grooves oriented ~ east-
west, and then filled with sediments that
are acoustically transparent (Fulthorpe
and Austin, 2004). This surface may be
evidence of some sort of catastrophic
flood event, or perhaps the grooves were
created by icebergs grounding along

an ancient seabed. New core samples
should help us to resolve the origin of
this boundary.

At some time during the last glacial
maximum, while sea level was much
lower and almost the entire continental
shelf was exposed, dendritic networks
of river channels were carved into the
mid-shelf wedge (the “C” horizon in
Figure 4) and, where the wedge thinned,
through R as well. When sea level subse-
quently rose following the melting of the
ice-age glaciers, the channels were filled
by a sequence of estuarine sediments: a
fluvial lag of sand and gravel at the base,
followed by muddy sediments deposited
where the river met the tide, followed
by beach barrier sands (Nordfjord et al.,
2006). These sediments, ~ 12,000 years
old in the SW06 region, form recogniz-
able layers in the chirp seismic record of
the channel-fill sediments. Continued
sea-level rise caused the shoreline to pass
over the buried channels, creating a wide-
spread erosion surface referred to as the
“T” horizon. Large sand bodies formed
in the nearshore environment on top of
T, and these were shaped into large bed-
forms (~ 1-5 m high, 1-4 km wide, and
2-10 km long) called sand ridges. These
features are so large that they persist to

the present day and can be easily mapped




in the multibeam bathymetry data. But
the seabed does not become quiescent
with increasing water depth. Evidence

in the multibeam and chirp data sug-
gests widespread regions of recent and
modern erosion, which has removed the
sand sheet in many places, exposing both
the T and the R horizons at the seafloor.
The result is a seabed with highly vari-
able sedimentary and physical properties,
which will be of great importance to the

SWO06 acoustics experiment results.

ACOUSTICS (LEAR)

Though acoustics was the largest over-
all component of SW06, it makes sense
to discuss it after the oceanography
and geology, as these set the context
for acoustic propagation and scatter-
ing. The SW06 experiment had both
low-frequency (100-1000-Hz) and
medium-frequency (1000-10,000-Hz)
components, and examined issues in
forward propagation, scattering, and

inverse theory.

y (m)

y(m)

Low-Frequency Propagation

In doing the acoustics transmissions,
we used both moored and shipboard
sources and receivers. The primary
moored receiver site for propagation
studies was at the along/across-shelf
intersection of the T-shaped mooring,
as that is where we have the best oceano-
graphic information. At that site, a long-
term horizontal/vertical line array with
48 hydrophone channels was deployed,
sampling sound from 50-4500 Hz con-
tinuously over a six-week period. This
array was augmented by other receiv-
ers, (mostly) near the same site, as well
as five long-term “single hydrophone
receiver units” distributed along the
across-shelf line. The moored sources
were arranged on the along- and across-
shelf lines as well, as these are where we
had the best environmental support,
and, also, these were “limiting cases” for
the azimuthal variations of the acous-

tic path. These moored sources were

augmented by some shipboard sources,

10000 12000 14000

16000

which allowed us to fill in the azimuthal
propagation direction spectrum.

There are a number of open questions
about low-frequency, shallow-water
propagation. One of the most interesting
of these concerns the azimuthal depen-
dence of shallow-water sound propaga-
tion, specifically its strong dependence
upon the angle between the acoustic
path and the propagation direction of
the nonlinear internal wave field (when
present). Sound can travel readily in the
acoustic duct that is created between
individual soliton packet waves, in a
manner that keeps the acoustic modes
separate and distinct. This leads to
higher-intensity regions of the acoustic
field, as seen in the top panel of Figure 5.
On the other hand, sound that travels
perpendicular to the propagation direc-
tion of the nonlinear internal waves suf-
fers intense coupling between the modes,
which can lead to the severe attenuation
of sound (depending upon where one

places the source relative to the sur-

Figure 5. The top panel shows,
in a top view, a computer model
of ducting of sound between
nonlinear internal wave crests
(denoted by white dashed
lines), a known and experimen-
tally observed phenomenon.
The bottom panel shows a

top view of the ducting and
horizontal dispersion of sound

between two curved nonlinear
internal wave crests, an effect
that should be observable and
provable using the SWO06 data
set. Color gradation denotes
(relative) intensity in dB.
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face mixed layer and thermocline.) At
angles intermediate to these extremes,
a combination of these effects occurs,
and we presently have a rather limited
ability to predict the acoustic field for
this case due to both oceanographic
and acoustic complexity.

Another interesting question about
acoustic propagation in shallow water
is how much energy is reflected out
of plane by internal waves and coastal
fronts when the acoustic path is at low
(grazing-angle) incidence to these ocean
features. The interference of a straight
acoustic track (that does not interact
with these ocean features) and a reflected
path can cause very large, fully three-
dimensional acoustic fluctuations, as
have been seen in numerous computer
simulations. Verification (or refutation)
of such effects is an interesting experi-
mental question, and data from SW06
should shed light on this. Yet another
question of great interest to LF acoustics
is how the three-dimensional irregularity
of fronts and the curvature of nonlinear
internal waves (which are often taken as
two-dimensional, along-shelf symmet-
ric entities to first order) affect acoustic
propagation. There is an example of
curvature effects in the bottom panel of
Figure 5. These curvature effects can lead
to both horizontal ducting and horizon-
tal dispersion of sound rays (or “light
pipe” and “rainbow” effects in optical
parlance), and, in terms of Navy systems,

false target bearings, a major concern.

Medium-Frequency Propagation
Many practical sonar systems operate in
the mid-frequency band between 1 and
10 kHz. In shallow-water regions, the
performance of such systems is strongly

influenced by the bottom, sea surface,

164 0£eanqgra/z/1)l 1 Vol.20, No. 4

and water column. This influence can be
in the form of sound scattering, refrac-
tion, and attenuation. Uncertainties in
any or all of these categories are com-
mon, so knowing the various mecha-
nisms governing acoustic interaction
with the environment is essential to
improving sonar performance in shallow
water. To gain quantitative understand-
ing of how sound interacts with these
environmental factors, it is essential

to measure all relevant environmental
parameters at sufficient spatial and tem-
poral resolutions, which can be quite fine
for mid-frequency acoustics.

The mid-frequency efforts of SW06/
LEAR were concentrated on receiving
arrays moored in the central area, where
the water depth is about 80 m. Five
major measurements were made there:
(1) short-range acoustics interaction
with the bottom and surface, (2) in situ
measurement of sediment sound speed
to a depth of 1.7 m, (3) bottom backscat-
ter, (4) short-range propagation through
known internal waves, and (5) long-

range propagation to 10 km along the

MORAY receiving array from a source
deployed from R/V Knorr, within the
frequency range 1-20 kHz. A second
measurement transmitted both mid- and
low-frequency sound (0.05-4 kHz) ata
range of 200 m around a circular path
encompassing the MORAY location.

A new sediment acoustics measure-
ment system (SAMS) was developed to
measure in situ sediment sound speed to
a depth of 1.7 m with 0.1 m depth incre-
ments. This is accomplished by using a
vibro-core fitted with a hydrophone at
its tip to penetrate into the bottom in
controlled depth-steps while 10 acoustic
sources located above the bottom trans-
mit sound in the band of 2-35 kHz. This
source-and-receive arrangement provides
many ray paths crisscrossing the sedi-
ment volume, so sediment sound speed
as a function of depth is directly imaged.

Bottom backscatter in the frequency
band of 3-10 kHz was measured by
both a parametric source and by an
omnidirectional source combined with
a 32-element, vertical-line hydrophone

array. Supporting this effort, sediment

A major objective in SW06 was to estimate

the regional geoacoustic environment using

the best present-day inversion techniques.

same track with multiple source depths,
frequency bands, and different times.
To study bottom and surface reflec-
tion coefficients and their anisotropy,
short-range bottom/surface interaction
measurements were first made at ranges
from 50 m to 1000 m from multiple

directions with respect to the moored

roughnesses were measured using a
sediment conductivity probe that can
measure one-dimensional roughness
to a resolution of 10 mm in the hori-
zontal direction and 1 mm in the verti-
cal. In addition, a laser scanner was also
deployed to provide two-dimensional

roughness measurements to a resolu-




tion of 1 mm in both the horizontal
and vertical directions.

The effect of nonlinear internal wave
trains on mid-frequency sound propa-
gation was measured with the goal of
making deterministic assessment of the
impact by taking “snap shots” of the
internal waves along the acoustic path.
This was accomplished by a transmission
from a source deployed from R/V Knorr
to the MORAY1 receiving array stationed
1000 m away. A CTD chain with 50 ele-
ments was towed at 6 kt in the vicinity of
the source and receiver by a second ship,
R/V Endeavor. Both acoustics and CTD-
chain measurements were made in the
presence and absence of internal waves,
so the impact of internal waves on mid-
frequency sound propagation can be
quantitatively evaluated

Finally, mid-frequency, long-range
propagation to a 10-km range along the
same track on different days with dif-
ferent bandwidths was studied. This
research focused on the temporal vari-
ability of propagation loss, and also
bottom parameter inversion and mode

stripping due to surface scattering.

Low- and Medium-Frequency
Bottom Inverses

Underwater acousticians often use “geo-
acoustic models” (local sediment layers
described by their density, compressional
and shear wave speeds, and attenua-
tions) to characterize the bottom for
making predictions of the sound levels
in the sea. A major objective in SW06
was to estimate the regional geoacoustic
environment using the best present-day
inversion techniques. Several groups
collaborated in experiments that used
sound sources over a broad band of

frequencies to characterize the bot-

tom, especially at sites where there was
extensive geological “ground truth” of
the ocean bottom. The technical chal-
lenge here is to perfect acoustic survey
techniques for bottom properties, which,
despite much work over decades, are

still being refined and improved. Of

equally strong interest to marine sedi-

dealing with a large component of water-
column fluctuation noise in the data.
However, it is completely unrealistic to
ask inverse methods to present an exact
realization of the ocean between the
source and receiver. Recently developed
methods minimize the effects of water-

column fluctuations on such inverses,

Two of the most active and promising

technologies in oceanography are
powered AUVs and AUV gliders.

ment acousticians is the opportunity to
measure the sediment sound speed dis-
persion (real and imaginary parts) over a
broad frequency band.

The most intensively studied site was
the central area at 80-m water depth.

As mentioned, this site was first instru-
mented with a mid-frequency hydro-
phone array to measure acoustic reflec-
tivity from the seabed at frequencies from
1-20 kHz. On a second visit to the site,
we studied sound reflectivity and acoustic
propagation at lower frequencies, from

4 kHz down to 50 Hz. The combined

set of mid- and low—frequency data and
accompanying measurements on geo-
acoustic properties will provide a unique
opportunity to both compare techniques
and study dispersion properties.

Another of the current research chal-
lenges in doing bottom geoacoustic
property inversions, particularly at low
frequencies where there are large path
lengths between source and receiver, is
to eliminate water column fluctuation
effects from the inverse for the bottom.

Use of inverse methods often requires

based on knowing only the simple statis-
tics of water-column fluctuations. As the
SWO06 experiment provides both high-
quality measurements of ocean fluctua-
tions and independent data on ocean-
bottom structure and properties, this
method can be tested with some rigor.
Many teams investigated the bot-
tom-inversion issue using different tech-
niques over a wide range of frequencies
in this experiment. The combination of
all the inversion results offers an oppor-
tunity, through a synthesis process, to
obtain a consistent bottom model of
the area that can be used to evaluate

future sonar models.

AWACS

Two of the most active and promising
technologies in oceanography are pow-
ered AUVs and AUV gliders. As part

of SW06, a component of the AWACS
(Acoustic Wide Aperture Coverage for
Surveillance) project was conducted to
utilize both powered and glider AUVs.
The objectives were to: (1) conduct

oceanographic surveys of an “interest-
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Figure 6. (a) The top panel shows tracks of Oasis mobile acoustic sources (large red and blue circles) emitting sounds to sonobuoy receivers (darker red and
blue arc-segments within the circles) in the vicinity of the shelf-break front, in order to study the effects of frontal and shelf oceanography on sound propa-
gation. (b) The bottom panel displays average acoustic propagation loss at 900 Hz and clearly shows: (1) near azimuthal isotropy over the shelf region, and
(2) anisotropy (more loss) where the acoustic paths cross the shelf-break front, in the angular sector from (roughly) 90 to 180 degrees. Prediction of the posi-
tion of the shelf-break front was one of the oceanographic challenges of AWACS.

ing area” of ocean (e.g., near the shelf-
break front, or in a packet of solitons),
(2) create an oceanographic map of that
area based on the data, (3) pick a geom-
etry most favorable for acoustic propa-
gation/detection based on that oceano-
graphic map, and (4) use moored and
sonobuoy-based acoustic sources and

receivers to demonstrate that the geome-

try so chosen was indeed an optimal one.

In pursuing this plan, small-boat
operations were needed for deploying
and recovering the small REMUS 100
AUVs and Webb gliders that were to be
utilized. Unfortunately, the fringes of
hurricanes Ernesto and Florence prohib-
ited small-boat operations. (But fortu-
nately for future programs, this incon-
venient small-boat technique has since
been superseded by fully “off the deck”

operations!). Thus, we used Scanfish sur-
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veys from the ship for oceanography and
Oasis mobile acoustic sources and sono-
buoy receivers for the acoustics. With this
hurricane-induced “Plan B,” we were still
able to perform the “adaptive acoustic
sampling” part of the project. This suc-
ceeded well, with especially interesting
results coming from trying to predict the
shelf-break front and its acoustic effects,
as illustrated in Figures 6a and 6b. In
these figures, we show the anisotropy in
acoustic propagation loss versus azimuth
for propagation in the region of the
shelf-break front. The anisotropy effects
due to fronts and internal waves were of

particular interest in SW06.

POSTSCRIPT
In the year that has passed since the
SWO06 experiment, great progress has

been made in digesting the many tera-

bytes of data collected. We have made
movies of acoustic arrivals at the arrays
that graphically show their stability in
oceanically calm periods and their gyra-
tions during active periods. In addi-
tion, motion pictures of the nonlinear
internal waves recorded by our “three-
dimensional” mooring array are just
coming into being. This graphic imag-
ery, and much more analysis (some
not quite so flashy), are providing the
grist for a number of scientific publi-
cations. We have already lined up spe-
cial sessions in a number of technical
society meetings and a special issue in
the Journal of the Acoustical Society of
America. We hope that this “prelude”
in Oceanography will stimulate readers’
interest in the further publications that
will be coming out shortly from this

very successful experiment.
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Abstract—Nonlinear internal waves in shallow water have bcen
shown to be effective ducts of acoustic energy, through theory,
numcrical modeling, and experiment. To date, most work on such
ducting has concentrated on rectilinear internal wave duets or
those with very slight curvature. In this paper, we cxamine the
acoustic effects of significant curvature of these internal waves.
(By significant curvaturc, we mcan lateral deviation of the in-
ternal wave duct by more than half the spacing between internal
waves over an acoustic path, giving a transition from ducting to
antiducting,) We develop basic analytical models of these effects,
employ fully 3-D numerical models of sound propagation and
scattering, and examine simultaneous acoustical and oceano-
graphic data from the 2006 Shallow Water Experiment (SW06).
1t will be scen that the effects of curvature should be evident in
the modc amplitudes and arrival angles, and that obscrvations are
consistent with curvaturc, though with somc possible ambiguity
with other scattering mechanisms.

Index Terms—Horizontal acoustic ducting, horizontal acoustic
rcfraction, rcflection, and dispersion, horizontal acoustic shad-
owing, shallow-watcr acoustics, 3-D acoustics, curved nonlinear
internal waves.

[. INTRODUCTION

ONLINEAR internal waves are common in the shallow
N waters of continental shelves and in adjacent seas, and
have been shown to have strong effects on acoustic propa-
gation and scattering. An early study in the Yellow Sea [I]
showed a strong absorption of low-frequency (50-1000 Hz)
sound due to scattering by internal wave packets, and this
work was the impetus for many later studies. In the 1995
Shallow Water Acoustics in a Random Medium (SWARM) ex-
periment {2], strong mode coupling occurring with across-in-
ternal-wave propagation geometry was cmphasized, with the
main acoustic tracks being directed across shelf. However,
also as part of SWARM, Badiey et al. [3] performed transmis-
sions in an along-shelf (and thus along the nonlinear internal
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wavefronts) geometry. They observed a very strong ducting of
low-frequency (roughly 50-500 Hz) sound between nonlincar
intcrnal waves. This effect had been predicted by computer
modeling [4] and normal mode theory [5], but not previously
observed. A strong and acoustically important ducting effcct
of order 6-10 dB was observed. The ducting and lateral mode
scattering due to curved internal waves, previously examined
for straight intcrnal waves, will be the main topics of this
papcr.

In this paper, the acoustic effects of curved internal waves
will bc examined using theory, numerical modeling, and ex-
perimental data. Specifically, we will be looking at: ducting of
sound through curved intcrnal wave ducts, dispersivc refraction
of sound out of such curved ducts, and reflection and rcfraction
of energy for sound sources external to such ducts. To do this, we
will provide some basic analytic expressions which can rcadily
show the physics, dependence on system parametcrs, and prop-
agation cffects. These expressions also allow “back of the cn-
velope™ estimates of acoustic field effects. With this founda-
tion in place, results from more complicated calculations can be
more systematically examined, namely, from fully three-dimen-
sional (3-D) nuinerical simulation of propagation in and through
curved internal waves. Finally, we will look at data from the
2006 Shallow Water Experiment (SW06) [6], which can shed
some light on the topics we discuss here. SW06 was not specif-
ically designed to address these issues and does not provide a
definitive data sct. However, features in the arrival angles and
intensities consistent with the effects considered here appear in
the data.

Our paper is organized as follows. Following this Introduc-
tion, we present in Section Il our measurcments of wavefront
curvature from SWO06, taking this to be a “not atypical”™ con-
tinental shelf environment for nonlinear internal waves. In
Section I1l, we present some basic theory for how low-fre-
quency acoustic ducting, reflection, refraction, and dispersion
by curved nonlincar internal waves works, using the Wein-
berg-Burridge [7] formalism as a framework. In Section 1V,
wc present computer modeling results, which give a visual
and easy to comprehend depiction of the physical processes.
In Section V, we present SW06 data showing just how large
this effect is for one particular geometry, frequency, and set of
internal wave field realizations using arrival angle fluctuations
as the variable of interest. In Section VI, we present our con-
clusions and recommendations for future work.

0364-9059/$26.00 © 2010 IEEE
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Fig. 1. SAR image of curved nonlinear internal waves in the SW06 experi-

mental area. Range from the Universily of Miami acoustic source (MSM) to the
Woaods Hole Oceanographic Institution (WHOI) array is 19.7 km, and orienta-
tion 1s along shelf.

1. MEASUREMENTS OF INTERNAL WAVE CURVATURE

To datc. most of the acoustic propagation studies of internal
waves have used straight line intcrnal wavefronts for indi-
vidual waves or packets. (Notable exceptions are the works by
Katznelson and Peresclkov [5] and Duda et al. [8].) Howcver,
while nearly lincar wavefronts have been obscrved and make
sense due to generation at linear shelfbreaks, reasonably eurved
internal wavefronts are just as ecommonly observed. This is il-
lustrated using satellite synthetie aperture radar (SAR) images.
Fig. 1 shows typical curved wavefronts from a SAR image from
SW06. A curved wavefront ean arise from wave generation at
a strong bathymectric “point featurc” (compared to thc intcrnal
tide wavelength of ~10-40 km) such as a submarinc canyon
like Hudson Canyon, or it can be produced by horizontally
varying bathymetry or by flow featurcs (current shear and/or
huoyaney frequency variations) refracting an initially plane
wave.

Curved wavefronts can be modeled as eireular ares, and
that technique is uscd in this paper, which is focused on
understanding the physical effects on aeousties of curved,
nonlinear internal waves, rather than providing a detailed
numerical/oeeanographic model of sueh waves. Wc will take
the local wavefront eurvature to be consistent with field obser-
vations, both from SAR and in situ observations (sec [9] for in
situ data discussions).

When looking at the SAR images of nonlinear internal wavc
surface effeets, one ean employ image processing schemes of
varying degrees of complexity. As an example, to identify and
map the waves on the surface, Boughan and Siegmann [ 10] have
used fingerprint recognition methodology with reasonable suc-
cess. Gradicnt sensing (edge deteetion) algorithms also have
some suceess in this mapping task (e.g., standard commereial
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Fig. 2. Curved internal wave train significant wavefronls seen in SWO06, from
one SAR image (i.e., a “realization™). Fitted circular arcs are shown. Center
points of the fitted cireles are also shown ().

signal processing software). However, the most sensitive and
discriminating sensor to map these waves may be the trained
human eye, which deteets low signal-to-noise ratio (SNR) sig-
nals well and also reeognizes patterns versus clutter better. This
point ean ccrtainly be argucd, but we will take the pragmatic
view that for the small number of images that we have avail-
able to proccss (order 10), visual processing on image featurcs
is both robust and cconomieal. This approach also ean be argued
to be subjcctive—to minimize this, we had scveral independent
observers eross check the imaging results for consisteney.

The results of fitting circular curves to prominent and/or sig-
nificant intcrnal waves in a typical SAR image from SW06 are
shown tn Fig. 2. In this figure, a number of arcs of various
lengths and radii of curvature ean be seen. Three things are
of first-order intcrest to us in this picture: 1) the distribution
of arc lengths, 2) the distribution of radii of curvature, and 3)
the secimingly spatially random distribution of the cirele cen-
ters. The distribution of radii of curvaturc, which is most im-
portant to this paper as input to the acoustics, shows the forms
seen in Fig. 3(a) and (b). We see that these distributions of radii
peak at ~20-25 km, which intriguingly is the along-shelf eor-
relation scale for the density and current field, and may indi-
catc somce of the underlying mechanisms for the curvature (as
will be diseussed). We note that the distribution for the leading
waves of paekets [Fig. 3(b)] tends towards a somewhat larger ra-
dius of curvature than a more inclusive distribution [Fig. 3(a)},
which may reflcct the nonlinear “healing or conjoining” of inter-
secting and nonlinearly interacting waves, as well as the simplc
*“distanec from the source” effect. The distribution of arc lengths
[Fig. 3(c)] is similarly peaked at ~20-25 km, which tells us how
long the ducted acoustic track can be. The spatial distribution of
where the centers of the are lie should eventually tell us about
the source distribution for the curvature. As mentioned before,
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Fig. 4. Curved internal wavefront directionality from SAR images.

this can be due to several effccts, and will be looked at in the
near future.

Another quantity of interest is the directional spectrum of the
nonlinear internal waves, shown in Fig. 4. This figure shows
that the waves travel primarily in the 290° direction relative
to true north, but also have a spread of about 30° to either
side. This is due to both the curvature and the primary direc-
tion of the wave trains. This spread also indicates the probability
of a unidirectional, along-shelf acoustic track encountering the
internal waves at an angle, which can lead to mode coupling
effects.

(a) and (b) Distribution of radii of curvature from a SAR image, like the one shown in Fig. 2. (¢) Arc lengths of the leading waves.

Although the radii of curvature, arc lengths, and somewhat
scattered locations of the curvature centers given by the SAR
imagcs provide sufficient information for a theoretical acoustics
study, there is also the aspect of predicting these numbers from
physical oceanographic models. Currently, primitive-equation
hydrostatic regional ocean models work routinely at space
and time scales of a few kilometers -y resolution and 12.4
h (M2 tide) time scales, but not at the 10-m and 30-s time
scales needed for nonlinear internal waves with nonhydrostatic
dynamics. Three-dimensional high-resolution nonhydrostatic
models have been developed but are not in routine use for
internal wave studies [11], [12]. A “nested internal wave
model” superimposed on a mesoscale model is currently close
to the state-of-the-art and feasible to do. However, if refrac-
tion by mesoscale eddies and generation of curved waves by
irregular features (e.g., canyons) near the shelfbreak are the
prime sources of the curved internal waves we see, then we can
perhaps predict the curvature quantitics presented above simply
with mesoscale oceanography models, rcasonable bathymetry
maps, and relatively simple refraction/scattering physics. This
approach is currently being pursued [13].

I1I. THEORETICAL STUDY

In this section, wc wish to provide some analytic expressions
which show the physics of the ducting, reflection, refraction, and
dispersion of sound by curved nonlinear internal waves. Specif-
ically, the derived expressions show the dependence on sonar
system and environmental parametcrs, and predict intensity and
arrival angle variations. We start from the Weinberg-Burridge
“horizontal rays and vertical modes™ picture which can accom-
modate 3-D adiabatic modes and even some coupled mode cf-
fects, when used properly.

A side view of the environment to be used with this model is
shown in Fig. 5. Far away from thc internal waves therc is an
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Fig. 5. Background state (stale 0) and 1wo perlurbalion slates.

Fig. 6. Useful acoustic source geomelries 1o consider refative 10 a curved in-
ternal wave Irain.

isospeed background state with sound speed c¢g, depth H, and
with modal wave numbers kg,,. Between two internal waves is
perturbation state 1, where a near-surface upper layer of height
D having higher sound speed exists, with upper layer speed ¢y +
Ac. In this region, the mode wave numbers are denoted £y,,.
Inside the internal wave is found perturbation state 2, where the
upper layer of elevated sound speed extends to depth Hyy+ and
mode wave numbers are denoted ks,,. Note that a duet forms
between internal waves (state | bounded by state 2 on either
side).

Fig. 6 is a plan view of possible source positions relative to
a eurved (cireular) internal wave train. There are three distinct
geometries to consider: A) a souree within the internal wave
train, B) a souree on the exterior of the eireular wavefronts, and
C) asource interior to the internal wavefronts. We eonsider each
of these cases.

A. Critical Angle Estimation

In this section, an expression for the critical angle within an
internal wave duet will be derived in terms of the internal wave
parameters. Local eigenvalues ean be eomputed numerieally
and used 1o study ducting directly, but the goal here is to show
how the internal-wave parameters govern the ducting process.
Perturbation theory will be used to derive an expression gov-
erning the total internal refleetion within internal wave duets.
Internal wave duets will be approximated as square waves, for

theoretical convenience. However, this simplification still rep-
resents the dueting effects of the waves well.

The chosen Weinberg—Burridge (or “ray mode™ for short-
hand) approach is initiated by calculating the local vertical mode
eigenvalucs for the 3-D volume to be considered on a well sam-
pled z-y grid, producing k,,(x.y,w) for a given source angular
frequency w. One then interpolates the eigenvalues on this -y
grid for each mode (at the given w). Doing this, onc creates a
horizontal index of refraction field that will determine the hor-
izontal trajectories for each verticiul mode n, using the simple
relation 71, (x, y, w) = k,.(7)/k,.(0). Here we choose the refer-
enee point (origin) to be the point ¥ = (i, y) with the smallest
eigenvalue magnitude, so that 11, > 1.

Snell’s law, written in terms of grazing angle with respect to
the horizontal boundary of an internal wave duct, is ky,, cos ) =
k2, cos 6, for vertical mode number 7. Disregarding tunneling
effeets [14], the eritical angle for trapping a mode within an
internal wave duet is given by

g™ = cos™! (kz”) . (1)

kin

To complete the task of expressing the eritical angle in terims
of the parameters of depth, internal wave height, and so on,
wc use perturbation theory. Sinee we are mainly interested in
modeling oceanographic effects due to internal waves, we can
take the bottom to bc a rigid (p — o) boundary for sim-
plieity. (That is not to say that the bottom properties do not affect
this problem—they do [15], [16]. However, we will ignore that
added eomplieation here.)

Away from the internal waves, the rigid bottom model baek-
ground-state eigenvalues are found via

Vo= (n - é) s

2
= Yon

(2a)
and

kOn == (2b)
where <g,, is the vertical mode eigenvalue/wave number and
k = w/ep. The vertical mode functions for this model are si-
nusoids, i.e.,

9 7172

Zon(z) = [ﬁ] sin{~yg, z). (2e)
1t is the difference between these sinusoids and the mode func-
tions for a more realistic stratified oeean and seabed that actu-
ally represent the biggest limitation for our model. In a more
realistic ocean, the low modes are pushed down from the mixed
layer and the internal waves more than this baekground model
permits. However, this affeets the excitation of the modes far
more than their horizontal trapping. so it is not a major eoneern
in our treatment here.

To treat the mixed layer (state 1) and internal wave (state 2)
situations, we use the well-known perturbation forms [17] to
find the mode wave numbers

kln = k()n £ Akhu I\"n = l‘:Ou i AL'?u (3)
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namely, for state 1

H 2
Akmzi/‘ Md_z (4a)
kOn 0 /)(Z)
Ag= - Ae(z)-2 (4b)
q= — Ac(z) 54—
c3(z)

wherc w is angular frequency. In (4a) and (4b), cg(2) is the
background sound-speed profile (which is isospeed in this case).
State 2 produces similar expressions.

Inscrting the mode shapes into (4a) and noting that the inte-
gration range can be changed because Ac is zero in the lower
layer, one can write

_9 2 D
Akisy= 2 & Ac/ sin?(yon2)dz. (5)
0

konH c3 co

The sine squared integral is an clementary one, giving (de-
noting the integral by [)

z 1 =0
=% - sin(2v0n
[2 e sin(27yo z)]:z0
D 270,
= — (1 — sine (LD) (6)
2 T

where the siuc function is defincd as sinc(XX') = sin(r X)/7 X.
In the high-mode limit, as g, increases and so does the argu-
ment of the sinc function, the second term becomes small with
respect to the first, giving the form

As an example of where the high-mode number approximation
is valid, when the value of the sinc function in (6) is less than
~ 0.2, we can neglect its contribution to the integral /. This cri-
terion can be shown to be equivalent to 5n > H/D, where n is
the mode number. In this level of approximation, the eigenvaluc
perturbations are

—1lw?AeD
e R ®
kOn ¢y €o H

Akln e
A proccdure identical to that used to derive (8) can be uscd to
find the eigenvalue perturbations for state 2, in the internal wave
of depression

-1w? Ac Hyw
Ako, = — —5— 5
- kon c3 co H

9)

Note that although the exact form of the integral [ is
generally a better approximation to usc, the high-mode
number approximation shows very clecarly the mode number,
frequency, layer thickness, and sound-specd perturbation con-
tribution to the wave number perturbation and thus the intcrnal
wavc induced index of refraction change in the adiabatic mode
model.
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Fig. 7. Critical grazing angle versus mode number and frequency lor an ideal-
ized internal wave based on the real SW06 internal waves.

Combining (1). (2a), (3), (8). and (9) yields for critical
grazing angles

) o= 1/2 a
k2 (" B E) . Hyw Acw?
i ’\'.0,,(5811
GRIT | seeq—'K
Ilr'l] = Cos 1 2 1/2
K2 — (” a :?.-) § - DAcw?
7] Konca
(10)

The above formula shows the limit ol no trapping by internal
waves (critical grazing angle of 0°), when Hyyw = D. When
these two dimensions differ, modes having supercritical inci-
dence angle will be trapped. Modes with subcritical incidence
anglc will dispersively refract as they cxit the duct.

The equation for #{%* can be evaluated for waveguide param-
eters based on SW06 data. We take D = 15 m, Hjy =25 m,
H =80 m, ¢y = 1520 m/s, Ac = 40 w/s, f = 100, 200, and
400 Hz, which results in the critical angle curves seen in Fig. 7.
In this figure, a number of interesting features can be obscrved.
First, one sees that the critical angles range from about 4.65° to
5.2°, with modc 1 for all frequencies being at the minimum of
4.65°. Second, we see that the curves are all parabolae, in ac-
cordance with (10). Third, we see that as frequency increases,
the curves flatten, and will reach a high-frequency asymptote
of 4.65°, which is the ray theory limit. Calculations using real
SWO06 internal wave and waveguide cnvironmental parametcrs
give critical angles close to those seen in Fig. 7, except for some
minor differences due to the penctrable bottom.

B. A Source Within the Internal Wave Train

Having created a useful, horizontal index of refraction field
1, (7) for cach mode, we can now turn our attention to the hori-
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R w

Fig. 8. Geometry of a low-speed ducl belween two inlernal waves. Limiling
chords for moedal-ray propagation are shown.

zontal propagation and scattering effects that are the main foeus
of the paper.

The point of this seetion is to determine limitations on curved
wave duct width (W) and radius of curvature () whieh must be
satisfied for two types of dueting. One type is full dueting, where
horizontal modes of the duct interact strongly with both internal
wave “walls,” and the other is equivalent to repeated reflection
on the exterior (eoncave) wall. These would be called potential
well and whispering gallery effects in physics parlanee.

Total intcrnal reflection and leakage of modes in a curved
waveguide have been studied extensively in terms of opties
(light pipes) and mierowave ducts, among other fields [18].
Our treatment here will obviously bear some similarities to
these analogous physieal systems, as well as some ditferences
due to the specifie nature of the ocean acoustic waveguide.
To understand the basie physics of a sound souree within
an internal wave train, consider a single duet, which might
be formed by, e.g., the leading edge or strongest wave of an
internal wave train and its nearest neighbor. A source in a
canonical horizontal duect of this type, where the square-well
internal wave approximation is used, is shown in Fig. 8. This
tigure defines a few parameters that are needed for the analysis.
(17 is the length of a linc segment (ray) that is tangent to the
inner wall and refleets off the outer wall. Cs is the length of a
ray that reflects off the outer wall at a critical angle while being
emitted at the inner wall at the same angle 4. A,,,,, is the arc
length of the mode-cycle distanee for horizontal dueted mode
m of vertical mode n. ¢ is the radian arc length associated with
A11111/2-

Sinee internal wavc trains have across train cxtent ~
100400 m for both the depression-type internal wavcs and the
low-sound-speed (acoustic duct) regions betwecn thcm, whieh
is many aeoustic wavelengths for frequencies above about 50
Hz, it is reasonable to use the square-well approximation. In
this approximation, one assumes infinite width of the bounding

internal waves. This is allowable if tunneling is small. This
method also treats refractive transmission correctly. Internal
waves are also slowly varying in sound specd over their di-
mensions (except at boundaries, which we treat explicitly by
transmission/reflection coefficients), so that our square-well
model and horizontal ray theory are also consistent.

The first effect of note due to the curvature of the waveguide
is on the angle of retleetion off the boundaries of the wave-
guide. For an infinitely thin wavcguide, W — 0 and there is no
loeal eurvature effect, as ean be seen examining Fig. 8. How-
evcr, for finite W, the waveguide exhibits a eurve over a hor-
izontal ray/mode cycle distance A,,,,,, where n is the vertical
mode index, and 1 is the horizontal mode index. Notc that the
horizontal mode cyele distanee is defined by the interfcrenee of
two adjacent horizontal modes (7 and i + 1). The are length
(in radians) over half a eycle distance (the distance from hitting
one wall and going to the opposite one) can be estimated with
midpoint and small-eurvature approximations, and is found to
be

1 2

PYnm = tan” —-T . (n

Apm can be computed from knowledge of the (straight wave-
guide) horizontal modes via A,,,,, = 2W/tan #"or whieh re-

nm:?*

lates A,,,,, direetly to the horizontal mode angle 67°F. This mode
anglc can be computed for our model using an eigenvalue equa-
tion directly analogous to the Pekeris waveguide equation. How-
evcr, we can replace the A,,,,, calculation by its bounding limits
by eonsidering chords at C; and Cy. These represent the eyele
distanee limits for the horizontal modcs formed from the sound
energy bouncing between the internal wave walls (“bounecing™
modes). Note that there should also be horizontal modcs of a
true “whispering gallery” type (i.c., only reflecting off the exte-
rior wall), as will be discussed. The results of using these limits
are shown in

Ci=+/(R+W)? - R? (12a)
W+ R
C2 = 7[_—0‘
51 v cri
sin (2 +6¢ )
w :
! Rsin{ — 40
X sinf 7 — (%-&-0,‘;“‘) —sin~! —‘$’2+-1f_)
W+R o R _
- —— AN amt ;_- -1 = crit
cos B Los< n TSI <W+R cos b, )) (12b)

and Cz < A, /2 < C), where 87 can be caleulated from
Snell’s law, as diseussed previously, and shown explicitly in
(10). Substituting (12a) in (11) gives the limits for

Cy
%4
R+? 5

G

tan™! << tan~t

which is an explieit formulation for the limits of the angle of in-
ternal wavc curvature over half a cyele distanee of the bouneing

horizontal modes. The detailed sound-speed profile and internal
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wave structures play a role in these limits because C is a func-
tion of the critical angle. Also, it can be shown that for higher
vertical modes the lower bound is smaller, which implies a better
ducting condition.

Let us lurther discuss the transition of the ducting physics
from straight internal waves to curved internal waves. First, we
note that in some cases (the bouncing mode cases), averaged
over a cycle distance, the modal encrgy will hit the interior wall
of the curved duct at a lower angle 827 — /2 than the exte-

nm

rior wall, which is at 819 + /2, where 6"°F is the horizontal
mode angle obtained from a straight duct. This is a “falling away
horizon” (interior wall) versus an “approaching horizon” (exte-
rior wall) curvature effect. Thus, losses should occur preferen-
tially at the exterior side of the curved duct. Moreover, all of
the bouncing modcs should have incoming grazing angles of

crit _ /2 or below at the extcrior side of the curved duct.
Sound that is subcritical and rcflects at the interior wall of the
duct may be supercritical on the outer wall of the wave duct be-
cause of this restriction. Some energy will escape via dispersive
transmission, with the angle of escapc depending on the mode
numbers (n and m) and the frequency w. This effcct will be
demonstrated later with a computational result. Also note that
the forms described above can also be used to identity the en-
ergy carrying horizontal rays that such a 3-D parabolic acoustic
wave cquation (PE) produces.

In the whispering gallery mode situation, the modal energ
will hit the exterior wall at 8%F + (/2 on average over a cycle
distance. From Fig. 8, it is clear that if this angle is smaller than
the tangent angle cos™ (R/(R + W)), at which the reflected
sound from the outer wall will just graze the inner wall, one
can see a horizontal mode/ray rellecting only from the outer
boundary, which leads to the classic whispering gallery effect
and its modes.

C. A Source Exterior to Curved Internal Wave Train

Whereas the case of a source within a curved internal wave
duct can produce some interesting light pipe and chromatic dis-
persion effects [18], a source exterior to a curved internal wave
train can see some equally interesting horizontal shadow zone
and caustic effects. The shadow zone arises because the cir-
cular internal wavefront is not transparent to sound bclow crit-
ical grazing angle. Thc caustic is associated with the edge of the
shadow zonc.

To examine this case, consider thc geometry depicted in
Fig. 9. Here, I? is the radius of the circular internal wave train,
Rs is the distance from the source to a given point on the
internal wavefront, and Rcpy is the closest point of approach
(closest distance) from the source to the circular internal wave
train. In terms of angles, A is the horizontal launch angle of
the sound rclative to the axis between the original circle and
the source, ¢ is the angle between the radius to the point on
the curve of interest and the source/circle origin axis, and £572*
is the grazing angle of the sound with the internal wavc train
surface, the quantity of prime interest here. Application of the
law of sines gives us

R R+Rgpa _ HRs
sin 9() - ] z graz - sin (%) )
sin (2 + 0 )

(14)
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Fig. 9. Example of how “falling away horizon™ gives critical angle before the
tangent point, and thus a shadow region behind the internal wave.

This can be solved to give

R+ Rcpa

R (15)

§57%2 = cos ™! [

s ()():| .

Past critical grazing angle out to the angles where the ray hits
the tangent of the circle, there is an acoustic shadow. The latter
(tangent) angle is given by

grangent — . =1 ( (16)

R

R+ Rcpa ) '

There will be a shadow beyond the internal wave along
extensions of the rays that strike the wave duct such that
0 < 6832 < §°_ The interest here is not just that there is
critical angle shadowing, which we would get with a straight
line internal wavefront as well, but since the “horizon is falling
away” due to the internal wavefront curvature, one sees a
shadow at a much lower fy than one would for the straight
line front case. This also reduces the distance that is required
between the source and the internal wave for shadowing to
occur, which means less energy lost in transit, making shad-
owing more important. Again, we note that < can easily be
determined given the forms we have derived above.

D. A Source Interior to Curved Internal Wave Train

Looking at Fig. 10, we sec thal the law of sines and standard
triangle identities can be used exactly as in Scction VI, so as to
give

R B _ R=Fem -
sin(m — 6p) ~ sing & (f _ ggmz)
2
Thus, we obtain
R — Rcp:
%2 = cos™! [—& sin 00] : (18)

Equation (1I8) is the same as (15). only with a sign change for
Rcpa (which is now negative, as it is inside the circle).

In this case, there is a concave horizon (approaching) and
it is difficult to attain critical grazing angle (impossible when
g2z > gority Thus, sources inside the internal wave are less
likely to see any critical angle shadowing effects.
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Fig. 10. Source interior to intemal wave train.

E. Energetics

From our theoretical analysis, we can conclude that modes
can both duect and be bent appreciably in the horizontal. But
what do we expect to scc in rcal data? To partially answer that
question, we will look briefly at the energetics of the ducted and
leaked beams using a sonar equation/geometrie approach lirst
used by Lynch et al. [19] in the context of ducting within straight
internal waves. In the straight-duct picture, one finds that for
8 < 6§ (# is the horizontal grazing angle), ducting occurs
and there is no cylindrical spreading, i.e., the r~'/2 eylindrical
spreading term vanishes, and so one sees a ratio R between
the trapped (dueted) and horizontally untrapped (eylindrically
spreading) pressures

2rgerit

W (19)

Rpross =
where r is the source-to-receiver range and W is the width of
the duct. This sonar equation/geometry factor reasonably pre-
dicted what was scen in the 1995 SWARM experiment data [2].
We now extend this form to look at the ratio of the higher mode
ducted energy to the lower mode unducted (beam-leaked) en-
ergy. If we look at our 100-Hz example in Section II1-A, this is
the ratio of vertical mode 1 to mode 2. Note that in Section Il1I-A
a rigid bottom was used, while a penetrable bottom with sound
speed 1700 m/s and density 1.8 g/em? is used here. If we write
down expressions for the pressure of these modes, we have

n(r) = poe” " (20)

1\311‘

and

pa(r) = Bar 1)

where (3; and 3, are the modal attenuation coefficients.

Taking the ratio of these two expressions, with pg 1 = pg 2
and k; = k; (just to make interpretation easier), we obtain

Ry =

We sce that the mode 2 ducting “gain” of the /7 should be
counteractcd by the exponential decrease in mode 2 by expo-
nential attenuation. Thus, at “sufficiently far range,” the curved
ducting effect could be lost, and only the initial bcaming and
refraction of the low modes by the curved duct would be ob-
served. In terms of angular deflection of the energy, the energy
that is dueted by the curved duct over large distances, and thus
would show a large angle deflection, would likcly be lost due to
attenuation. Let us putin some numbers for this. Using a normal
mode code to calculate 3,,, we see that for 100 Hz and the pa-
rameters used above, 3, = 4.38 x 107° ~ 343, and for 200 Hz,
B3 = 3.93 x 1075 ~ 20,. tf we take W = 250 m and use
gt ~4.7° for all modes, we obtain that Ry, = 0.7 (the 6-dB
down point) is at 780 m for 100 Hz and R/, = 0.7 is at 770 m
for 200 Hz. These are rather modest distances. Moreover, these
estimates do not account for the fact that a curved path from
the source to a receiver is always longer than a straight line
(geodesic) path, which can make the curved path up to a factor of
7/2 longer for a semicircle. However, on the other hand, it also
does not account for the detailed interferences within the duct.
which can produce focusing regions of high intensity at ranges
greater than one would prediet from the preceding sonar equa-
tion (average licld) type ol argument. This diseussion points out
that the curved ducted path can still be energetically significant
compared to a straight line path over a few kilometers, but prob-
ably not much more for the size and strength of internal waves
seen in SWO06. However, stronger AC' internal waves and larger
amplitude internal waves (which are often seen elsewhere in the
world’s oceans), could easily make the distances over which
curved paths have appreciable ducted cnergy larger.

We might also look more closely at the energetics ol the
lcaking beams. These modal beams are ducted initially, over
about a mode cycle distance, alter which they leak out. Thus,
they do not spread like the ducted modes up to about 4,,,,,, and
then they spread cylindrically. Thus, past A,,,,. we have

P1~ Po1

which slightly modifies our previous ratio results, We note that
the refraction of the beam upon escape Irom the duet can also
tighten (focus) the escaping beam slightly, but this is expected
to be a very small effect.

As a final note in this section, before we proceed to the nu-
merical modeling and data results, we discuss what a “more real-
istic” curved duct model would entail, again with the acoustics
in the context of the Weinberg—-Burridge formalism. To begin
with, one could use a realistic ¢(x,y, z) lield, based on data,
numerical models, or a combination of both, From this, one
can create a more detailed n,,(7) field, using the exact model
cigenvalues, as opposed to our perturbation results. From this,
one could find slightly more detailed horizontal model ray tra-
jectories, which certainly have some physical insight, but on a
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Fig. 11. (a) Depth-integrated sound inlensity at 100 Hz. (b) Vertical mode | inlensity. (¢) Vertical mode 2 intensily. (d) Verticul slice of sound inlensity at y = 0

(all dB units are unity source level). Note clear appearance of mode 1 and 2 belween ranges 12 and 15 km (in the internal wave duct). Radius of curvature is 45

km here.

more visual basis. However, the tradeoff for this greater eom-
putational fidelity and aeeuraey is a loss of transpareney of the
physics. at least in the analytical form sense. With these eom-
ments in mind, it is now appropriate to look at the more detailed
numerical model.

We also note that the trajectory of mode eoupled beams es-
eaping the waveguide ean also be described by the ray-mode
caleulations, simply by having mode nmn — nm’ at the cou-
pling interface and then using the modal index of refraction for
' after coupling. Given close coupling, these coupled mode
trajectories will cluster in a beam around the adiabatic angle for
nm. We also note that use of Snell’s law using the local modal
index of refraetion describes the paths ineident on and refracting
through the internal wave duct boundaries.

1V. NUMERICAL MODELING

In this paper, to handle a realistic oeean case, we employed
a Cartesian 3-D parabolic equation acoustical propagation pro-
gram [20], which is briefly deseribed below, and the reader is
referred to the report for further details. This program employs
the split-step Fourier (SSF) technique [21] to solve the PE for
one-way propagating waves from a monotonic source. The
SSF technique divides propagation over each distance incre-
ment through a heterogeneous sound-speed environment into
step-by-step “free space” propagation through a medium having
a fixed referenee wave number, and periodieally introdueed (at
eaeh step) phase fluetuations eonsistent with departures from
that fixed speed. The free spaee propagation is handled in the

wave number domain, and the phase anomalies are introduced
in the spatial domain. Amplitude effeets sueh as absorption are
introdueed with the phase anomalies. Thus, eaeh step requires
a 2-D Fourier transform and an inverse 2-D Fourier transform.
Note that the wide angle variant of the propagation operator is
used [22].

A. Sound Ducting—Source Inside Internal Wave Train

Fig. 11 shows images of mode dueting and dispersive refrac-
tion “leaking™ created by the numerieal model that are quite
striking, as well as visually easy to interpret. We show two ex-
amples here at 100 and 200 Hz. In Fig. 11(a)—(e). we show a
plan view of the depth-integrated total energy, the mode 1 en-
ergy, and the mode 2 energy, respectively, at 100 Hz. We see
both trapping and leakage from the eurved duet, as well as the
initial escape of higher angle energy near the source. We also
see that (filtered) mode 1 is not trapped by the curved wave-
guide, but leaks out the higher grazing angle side, as expected.
However, mode 2 is trapped by the eurved duet, in accordanee
with our theory which predicts that highcr modes trap better.

We also see three other effeets in Fig. 11(a)—(c). First, the
mode | energy that escapes the duct is still tightly beamed.
with an initial beamwidth on the order of the duct size (though
susceptible to eylindrieal spreading after that). Second, the
trapped mode | energy shows distinct foeusing/defocusing
patterns within the horizontal duct. This is due to the horizontal
modal interferenees that oeeur. Finally. the overall curved wave
produees some striking focusing (caustie) and shadow zones.
whieh will be diseussed later.
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Fig. 14, Shadowing and horizontal Lioyd's mirror effects scen due to a curved nonlinear internal wave of 250-km radius. (a) Depth-integrated sound intensity at
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Fig. 15. Whispering gallery, duci penetration, and shadowing effecls seen due 10 a curved nonlinear inlernal wave of 200-km radius. (a) Depth-integrated sound
intensity energy at 100 Hz. (b) Vertical slice of sound intensity at y = 0 (all dB unils are unity source level).

fercnce pattern in the upper portion of the figures, due to the
tnterference of the direct and reflected wavces, an cffect called
the “*horizontal Lloyd's mirror” [19]. This shadowing of ncarby
sources might indeed be one of the major causes of amplitude
fluctuations seen due to curved nonlinear internal waves. Fig. 14
shows both shadowing and ducting from an outside source.

C. Source Interior to Curved Internal Wave Train

In Fig. 15(a) and (b), we see a plan view and a side vicw,
respectively, of the field due to a source placed on the interior
of a curved internal wave field (R = 40 km). In the plan view
[Fig. 15(a)], most of the acoustic energy through the internal

wave duct penetrates directly until 5-km range where it corrc-
sponds to very low grazing angles. At this range, the encrgy
which is transmitted through the internal wave shows a slightly
scalloped interference pattern due to internal reflcctions which
are positively or negatively interfering depending on the relative
path length across the duct.

The cnergy rcflected on the interior side of the curved internal
wave forms a whispering gallery effect. Moreover, we see the
horizontal Lloyd’s mirror effect again, as the direct and whis-
pering gallery waves interfcre. We also see a strong shadow zone
in between the exterior and interior regions. Fig, 15(b) illustrates
these effects in a vertical planc.
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Fig. 16. Source dislant from inlerior 1o an internal wave ducl. (a) Control case showing 1he source al the cenler of the curved ducl. (b) Energy penetration when
the source is not at the cenler (all dB unils are unity source level). The radius of 1he curved nonlinear inlcrnal wave is 10 km.

Fig. 16(a) and (b) shows a slightly different geometry for the
“source interior to the internal wave” with the sound source
placed more distant from the highly curved intcrnal wave. In
Fig. 16(a), we show a horizontal view of the sourcc at the center
of a circular internal wave, which is actually a control case.
The sound encrgy should show circularly symmetric transmis-
sions through the wave, which it does. In Fig. 16(b), we again
see the slightly scalloped pattern of energy penetrating the in-
ternal wave duct, as before, but no interior whispering gallery
rays—this is duc to the grazing angles now being too high for
subcritical angle total reflection to occur.

V. SWO06 ARRIVAL ANGLES FIELD DATA

To verify that refractive effects occur when sound is trans-
mitted along paths that are roughly parallel to curved (or
straight) packcets of nonlinear internal waves, we look at sound
transmitted along such a path in SW06. Fig. 1 shows the gcom-
etry of this path with respect to a snapshot of wave activity. A
source called “The Miami Sound Machine™ transmitted 100-,
200-, 400-, 800-, and 1600-Hz phase encoded sequences as
part of SWO06, and we will consider its transmissions here.
In particular, we will analyze the 200-Hz transmissions here,
received at a joint horizontal line array (HLA) and vertical line
array (VLA). The HLA was oriented close to north/south on the
scafloor with the VLA at the southern end. Sound transmitted
along this path was analyzed by Collis et al. [23] for horizontal

coherence study and further information on the experimental
equipment can be found in that paper.

The center of the HLA was 19.2 km from the source. The
bearing from the array center to the source was 26.2°. With
this along-shelf path geometry, the major internal wave propaga-
tion direction across shelf was very nearly pcrpendicular to the
acoustic track. If mean or time-dependent curvature of acoustic
paths occurred and was significant, it would be evident as a de-
flection of the apparent source angle from 26.2°, as wcll as in
intensity fluctuations. Because our paper focuses mainly on an-
gular deflection, and because this should be a morc dircct indica-
tion of deflection effects than intensity fluctuations, we will look
at angular wander using SW06 HLA time scrics of the heading
of maximum array gain. We will then correlate this data against
measurements of the internal wave at the receiver site to try to
understand the angular fluctuations observed.

Fig. 17 shows both internal wave and acoustics data over a
three-day time interval. The internal wave activity in Fig. 17(a)
(more fully described below) and the acoustic fluctuations in
Fig. 17(b)—(e) are visually correlated. The results presented in
the panels will first be described in some dctail, then they will
be interpreted for ducting and scattering cffects.

Fig. 17(a) contains a time serics of the highpass filtercd
depth profile of vertical water velocity measured with an
acoustic Doppler current profiler (ADCP) moored approxi-
mately midway between the source and the receiver. This time
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Fig. 16(a) and (b) shows a slightly different geometry for the
“source interior to the internal wave” with the sound source
placed more distant from the highly curved internal wave. In
Fig. 16(a), we show a horizontal view of the source at the center
of a circular intcrnal wave, which is actually a control case.
The sound energy should show circularly symmetric transimis-
sions through the wave, which it does. In Fig. 16(b), we again
see the slightly scalloped pattern of energy penetrating the in-
ternal wave duct, as before, but no interior whispering gallery
rays—this is due to the grazing angles now being too high for
subcritical angle total reflection to occur.

V. SWO06 ARRIVAL ANGLES FIELD DATA

To verify that refractive effects occur when sound is trans-
mitted along paths that are roughly parallel to curved (or
straight) packets of nonlinear internal waves, we look at sound
transmitted along such a path in SW06. Fig. 1 shows the geom-
ctry of this path with respect to a snapshot of wavce activity. A
source called “The Miami Sound Machine” transmitted 100-,
200-, 400-, 800-, and 1600-Hz phase encoded sequences as
part of SW06, and we will consider its transmissions here.
In particular, we will analyze the 200-Hz transmissions here,
received at a joint horizontal line array (HLA) and vertical line
array (VLA). The HLA was oriented close to north/south on the
seafloor with the VLA at the southern end. Sound transmitted
along this path was analyzed by Collis et al. (23] for horizontal

coherence study and further information on the experimental
equipment can be found in that paper.

The center of the HLA was 19.2 km from the source. The
bearing from the array center to the source was 26.2°. With
this along-shelf path geometry, the major internal wave propaga-
tion direction across shelf was very nearly perpendicular to the
acoustic track. If mean or time-dependent curvature of acoustic
paths occurred and was signiticant, it would be evident as a de-
flection of the apparent source angle from 26.2°, as well as in
intensity fluctuations. Because our paper focuses mainly on an-
gular deflection, and because this should be a more direct indica-
tion of deflection effects than intensity fluctuations, we will look
at angular wander using SW06 HLA time series of the heading
of maximum array gain. We will then correlate this data against
measurements of the internal wave at the receiver site to try to
understand the angular fluctuations observed.

Fig. 17 shows both internal wave and acoustics data over a
three-day time interval. The internal wave uctivity in Fig. 17(a)
(more fully described below) and the acoustic fluctuations in
Fig. 17(b)—(e) are visually correlated. The results presented in
the panels will first be described in some detail, then they will
be interpreted for ducting and scattering effects.

Fig. 17(a) contains a time series of the highpass filtered
depth profile of vertical water velocity measured with an
acoustic Doppler current profiler (ADCP) moored approxi-
mately midway between the source and the receiver. This time
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(a) Highpass filtered vertical velocity time series, indicating limes of large internal wave activity. (b) Angle which produces the largest horizontal corre-

lation length of the acoustic signal along the array, a good proxy for angular dellection. (¢) Horizonlal correlation length along the array compared to the acoustic
wavelength. (d) Normalized correlation length/acoustic wavelength. (e) Power in each of the received normal modes (dB re arbitrary reference).

series at representative depth bins elearly shows soliton packet
aetivity, espeeially on days 18 and 19.5, which correspond to
the spring tide phase of the tidal eyele. Moreover, the spacing
between the tides shows a rough (on the average) M2 tidal
period of 12.42 h, with some deviation, as noted by Colosi et
al. [24]. This time series is rather typical of Mid-Atlantic Bight
continental shelf internal wave data.

Fig. 17(d) is the master panel from which the results in
Fig. 17(b) and (e) are obtained. The plotted values are the
points where the spatially lagged eorrelation function of the
complex mateched-filter arrival waveforms falls to the value
e~ 1. The computation method is deseribed in [23].

InFig. 17(b), we see atime series of the steering angle yielding
the longest horizontal correlation length along the reeeiving
array (as a function of steering angle) of the arriving acoustic
pulses. For each time, these values refer to the angles of max-
imum correlation length, shown as a function of steering angle
in Fig. 17(d). This angle is a good proxy for the angular deflce-
tion that we wish 10 examine. Very interestingly, the angular
deflections (from ~27° to ~31°) seen during strong internal
wave events are consistent with the 4.7° eritical angle limit one
would expeet for ducting. Also, we note that on day 19.45 (before
noon August 19, 2006), the array was actually moved along the
seafloor by an internal wave packet, with the appareut bearing
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to the source changing from 27.5° to 29°. It is critical that the
departure of the array shape from rectilinear be included in the
correlation length analysis; the shape changed significantly at
the time of the strong wave packet, and a trend was introduced.

In Fig. 17(c), a time series of the maximum observed cor-
relation length is shown, in units of an acoustic wavelength.
Two values are shown for each analyzed pulse: the maximum
value [from those computed over a wide range of steering an-
gles, shown by color in Fig. 17(d)], and the value looking at
one particular steering angle. It is seen that these numbers have
an average of about 25 wavelengths, in good agrecment with the
work of Carey [25]. Also, during pcriods of strong internal wave
activity, this correlation length decreases significantly, in agree-
ment with what was found numerically by Finette and Oba {4]
and previously found in the limited analysis of Collis et al. [23].
This lends further credence to the possibility that ducting was
onc of the mechanisms strongly affecting the acoustic signal.

In Fig. 17(e), we display the power in each of the received
normal modes, obtained by mode filtering at the VLA located
at the end of thc HLA. Mode analysis procedures are described
in [23]. This plot shows that internal wave events are gencrally
accompanied by evidence of mode coupling, i.e., some energy
is lost by mode | and is coupled into the higher order modes.
As mode ducting is an adiabatic effect, this shows that some of
the energy is crossing the internal wave crests above the critical
grazing angle. This is not surprising in that the internal waves
seen in SW06, while propagating in the mean approximately per-
pendicular to the acoustic track, have a directional spectrum that
has an aungular spread of a few tens of degrees (which includcs
curvature effects), as shown in Fig. 4. Thus, when the internal
wave packets cross between the source and the receiver, the
acoustic track can often be at above the critical grazing anglc. As
an example, a curved wave with diameter less than or equal to the
source—receiver distance R is not an unlikely case for our SW06
data, as R ~20 km, and the SAR images show many curved
internal wave trains of this diameter or smaller. When such a
wave propagates between the source and the receiver, some mode
coupling will occur. This situation of concurrent refraction and
mode coupling causes complications when applying adiabatic
mode mcthods [26] and coupled mode methods [27].

A scenario begins to emerge from the data and theory, and
we now present a “first-order guess” as to what the data indi-
cate. To begin with, as suggested by our theory and the data, it
sccms unlikely that strongly curved internal waves are ducting
energy to the receiver at high angles compared to the bearing
to the source. Both the modal energetics (coupling) and the rel-
atively narrow directional spectrum of the internal waves secem
contrary to that possibility in SW06. Morcover, largc angular de-
flections arc rarely seen in the acoustic data, and are more casily
ascribed to mode coupling. (Since our array is not broadside to
the source, mode coupling can produce this angular effect be-
causc of the vertical/horizontal phase trend ambiguity.) Second,
looking at the angular deflection data combined with the correla-
tion length data, it is likely that some ducting is occurring along
the path. This duct can be: 1) a straight line duct, 2) a weakly
curved duct, or3)atruncated duct [ 14] and still produce very sim-
ilar effects, i.e.. wobble of the apparent source direction by up to
+68.ic and large amplitude fluctuations. Third and finally, there
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is evidence of time-variable mode coupling in the data, as seen
by both the mode amplitude time series and also from the fact
that some occasional large angle deflections are scen, which are
not due to curved wave ducting (from our previous arguments.)
This coupling is likcly duc to incidence angles upon the internal
waves above critical grazing angle, which is supported by the
directional spectrum spread of thc internal waves.

This scenario is consistent with our data, but we will not
claim that it is conclusive proof, as therc could be other expla-
nations for the data (though we do not readily scc such others.)
We think that combining a directional spectrum of nonlinear in-
ternal waves, including curved and truncated waves, which in-
duces both ducting and coupling effects, can produce a rather
large variety of data effects and that the SW06 data sct is just a
beginning look at this rich area.

Before leaving the data analysis section, we will consider one
more aspect of the SW06 experimental data which is relevant
to this analysis, namely, the oceanographic data for the water
column and bottom sound-speed profiles. These data show a
large variation in the sizes, shapes, and strengths of the non-
linear internal waves, and also show that the bottom is signif-
icantly penctrable to sound. These two effccts will change the
background normal modcs from what was used in Section 111, as
well as the perturbations of those modcs by the internal waves.
To show how a more realistic profile affects the critical angle
calculations presented in (10), we look at a “typical™ internal
wavce duct from SW06 [Fig. 18(a)]. and calculate the modes at
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100 Hz, their cigenvalue perturbations from the background pro-
file, and the critical anglc versus modc number that one sees
using the rcalistic profiles.

Doing this calculation, one obtains thc results seen in
Fig. 18(b) and (c). In Fig. 18(b), we show the eigenvalue per-
turbation as a function of time due to a real internal wave. We
see that the perturbation time series follows the wave transit for
cach mode, as expected. More interesting is the critical anglc
for each mode, shown in Fig. 18(c), which varics from 3.2°
to 6.8°. This is somewhat more variability in angle than scen
in our “canonical waveguide” example, though the average
number is about the samc. Also, we scc that the critical angle
increases for the first three modes, but then decreases and
flattens out (to about 4.8°) for modcs 4 and 5. This 1s likely due
to these higher modes most strongly feeling the effect of the
penetrable bottom, which the low modes do not.

Thus, we sce that for an exact description of the ducting ef-
fects, the morc realistic ocean and bottom models should be con-
sidered. Also, this last calculation used a *“typical” nonlinear in-
ternal wave from SWOG6, but it is well known that the internal
waves vary even within a wave train, as well as with space
and time. The bottom also varies spatially. Thus, it would not
be amiss to eventually consider a more statistical look at the
ducting behavior of the modes in shallow-water intcrnal waves.
This will be pursued in a future paper.

VI. CONCLUSION AND FUTURE DIRECTIONS

In concluding this paper, we will look at the three viewpoints
that we examined the ducting effects from, i.e., theory, numer-
ical models, and experimental data. We will briefly statc what
we have accomplished, but more importantly, examine what yet
necds to be donc to fully understand curved wave ducting phe-
nomena. This is a rich arca, and has more dcpth than one paper
could cover.

Regarding theory, we have cndeavored to show, in the con-
text of simple perturbation theory and a canonical ocean model,
how the physics of trapping and leaking of acoustic encrgy from
curved nonlinear internal waves works. In terms of things that
still need more work, we would point to two items. First, there
are the “whispering gallery” modes, in which the sound interacts
only with the exterior walls. Second, there is theory that should
be developed for full wave trains, not just the “singlc duct” that
we cousidcred in the paper. Wavce trains, which have (for in-
stance) rank ordering in size, can show additional trapping and
lcaking effccts in addition to the (basic) casc that we showed in
this paper.

In terms of numerical models, wc have been able to show
rather clearly the acoustic effects of single ducts, to match the
thcory we presented here. However, the models can handlc more
complex environments, and that is where we should be going
with them. In addition to wave trains (as mentioncd abovce), we
should also be looking at realistic 3-D internal wave fields bascd
on data. This would allow us to gct at the scattering statistics (for
intensity, arrival angle, etc.) that we will see in the data.

As to data, the SWO06 data were able to givc us a very good
look at the oceanography of thc curved internal waves, so that
wc can create very good input for thc acoustics calculations.
The acoustics data, while unique and showing some of the cf-
fects we discussed in this papcr, werc not adequate to unam-
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biguously describe all of the cffects we discussed. This is for
the simple reason that the experiment was not designed com-
pletely around the goals of this paper: the horizontal/vertical
array had many other purposes to accomplish. Thus, we did not
have the array completely broadside to the acoustic path (which
would have made the angular deflection signal unambiguous,
even in the presence of mode coupling), nor did we concentrate
all our oceanography measurements along the acoustic track we
discussed. We also could have placed point receivers to look at
shadowing effects, etc. These are things that we might consider
doing in future experiments.
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